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The  hypersonic  regime  is  the  most  severe  of  all  flight  regimes,  and  consequently  demands  smart  utili¬ 
zation  of  ground  testing  and  evaluation,  flight  testing,  and  computationysimulation  methodologies.  Because 
of  this  challenge,  von  Karman  Institute  (VKI)  asked  the  Arnold  Engineering  Development  Center  (AEDC) 
to  develop  a  comprehensive  course  to  define  the  “Methodology  of  Hypersonic  Testing.”  Seven  American 
scientists  and  engineers,  representing  AEDC  and  the  University  of  Tennessee  Space  Institute  (UTSI),  for¬ 
mulated  this  course  from  their  background  of  over  a  century  of  combined  experience  in  hypersonic  testing. 

The  objective  of  the  course  was  to  present  a  comprehensive  overview  of  the  methods  used  in  hyper¬ 
sonic  testing  and  evaluation,  and  to  explain  the  principles  behind  those  test  techniques.  Topics  covered 
include  an  introduction  to  hypersonic  aerodynamics  with  descriptions  of  chemical  and  gas-dynamic  phe¬ 
nomena  associated  with  hypersonic  flight;  categories  and  application  of  various  hypersonic  ground  test 
facilities;  characterization  of  facility  flow  fields;  measurement  techniques  (both  intrusive  and  non-intru- 
sive);  hypersonic  propulsion  test  principles  and  facilities;  computational  techniques  and  their  integration 
into  test  programs;  ground-test-to-flight  data  correlation  methods;  and  test  program  planning.  The  Lecture 
Series  begins  at  the  introductory  level  and  progressively  increases  in  depth,  culminating  in  a  focus  on  spe¬ 
cial  test  and  evaluation  issues  in  hypersonics  such  as  boundary-layer  transition,  shock  interactions,  electro¬ 
magnetic  wave  testing,  and  propulsion  integration  test  techniques. ' 

To  obtain  a  complete  set  of  notes  from  this  course  write  to: 

Lecture  Series  Secretary 

von  Karman  Institute 

Charissie  de  Waterloo,  72 

B-16409  Rhode-Saint-Genese  (Belgium) 

The  information  contained  in  this  report  is  a  subset  of  the  work  described  above. 
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AERODYNAMIC  AND  AEROTHERMAL  FACILITIES  I 
HYPERSONIC  WIND  TUNNELS 


AEDC-TR-g4-8 


by 

A.  ANDERSON  and  R.  K.  MATTHEWS 
Senior  Staff  Engineers 
Calspan  Corporation/ AEDC  Operations 
Arnold  Engineering  Development  Center 


ABSTRACT 

Hypersonic  test  facilities  will  continue  to  play  a 
major  role  in  the  development  of  hypersonic  vehicles. 
In  the  past,  ground  test  facilities  were  often  used  to 
perform  configuration  parametric  studies  and/or  to 
develop  large  databases.  Future  testing  will  emphasize 
understanding  of  fluid  physics  and  validation  of 
codes.  Computational  fluid  dynamics  (CFD)  has 
made  great  progress  in  the  past  two  decades,  but  the 
marriage  of  CFD  and  ground  testing  is  clearly  a 
reality  today,  and  will  become  even  more  important 
in  the  future  as  computational  and  experimental  re¬ 
searchers  learn  how  to  work  together.  One  of  the 
challenges  for  the  experimentalist  is  to  develop  and 
utilize  facilities  that  simulate  hypersonic  flight,  and 
to  provide  the  required  data  precision  to  validate 
CFD  codes.  This  section  provides  a  brief  review  of 
facility  fundamental  considerations  and  simulation 
issues.  It  is  clear  that  no  one  facility  will  meet  the 
wide  variety  of  test  objectives;  therefore,  the  test 
facilities  span  a  range  of  size,  run  time,  complexity, 
and  operating  cost.  Representative  facilities  are  des¬ 
cribed,  as  well  as  their  test  capabilities  and  their 
shortfalls. 

NOMENCLATURE 

Cp  Pressure  coefficient,  (P,»  -  PobI/Qoh 

L  Model  length 

Mao  Free-stream  Mach  number 

Pw  Model  or  wall  surface  pressure 


Pi  Pitot  pressure 

Po,  Pt  Stilling  chamber  pressure 

P  Static  pressure 

q  Dynamic  pressure 

Re  Reynolds  number 

T  Temperature 

To,  Tt  Stilling  chamber  temperature 

U,  V  Velocity 

u  Local  velocity 

X  Axial  distance 

z  Lateral  distance  from  tunnel  centerline 

a  Angle  of  attack 

6  Boundary  layer  thickness 

e  Density 

/I  Viscosity 

7  Ratio  of  specific  heats 
Subscript 

00  Free  stream 

INTRODUCTION 

The  role  of  the  wind  tunnel  test  in  flight  vehicle 
development  has  steadily  changed  in  recent  years 
from  one  of  total  dominance,  to  a  sharing  role  in  the 
process  as  both  analytical  methods  and  computa¬ 
tional  procedures  have  become  more  sophisticated 
(Fig.  1).  All  three  disciplines  have  advantages  and 
disadvantages,  as  shown  in  Figs.  2  through  4. 


MPHODS  PROCEDURES 

Figure  1.  Tools  for  aerodynamic  prediction. 
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€f 

MMiniCM. 

METHODS 


I  DISAPYAHTAGtS  | 

•  aOSED  FORM  SOLUTION  •  RESTRiaiVE  SIMPLIFYING 

(SIMIIMITT  RULES  AND  LAWS)  ASSUMPTIONS 

•  MINIMAL  AMOUNT  OF  •  SIMPUSTIC  CONFIGURATIONS 

COMPUTER  TIME  •  UMITED  AERODYNAMIC 

CHARAnERISTIQ 

Figure  2.  Advantages  and  disadvantage  of  analytical 
methods. 


ADVANTAGES 


ADVANTAGES 


DISADVANTAGES 


•  FEWEST  RESTRICTIVE  ASSUMPTIONS 

•  OPTIMIZATION  LINK  POSSIBLE 

•  COMPLETE  FLOW  FIELD  DEFINITION 

•  NO  MACH  NO.  OR  REYNOLDS  NO. 
UMITATUNS 

•  COST  EFFECTIVE 


•  INAOEOUATE  TURBULENCE 
MODELS 

•  LACK  OF  COMPUTER  STORAGE 
AND  SPEED 

•  ACCUUia  OF  FINin  - 
DIFFERENCE  REPRESENTATIONS 


Figure  3.  Advantages  and  disadvantages  of  CFD. 
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ADVANTAGES 


DISADVANTAGES 


•  REPRESENTATION  OF  AQUAL 
CONFIGURATION 

•  REPRESENTATIVE  AERODYNAMIC 
DATA 

•  OBSERVATION  OF  NEW  FLOW 
PHENOMENA 


•  COSTLY  MODELS  AND  TUNNEL  TIME 

•  TUNNEL  DEPENDENT  FLOW 
CONDITIONS  (WALLS,  IMPURITIES, 
TURBULEWE,  DISTORTION) 

•  LIMITED  AMOUNT  OF  DATA 

•  ACCURAn  OF  DATA  OBTAINED 

•  SCAUNG  (VISCOUS  EFFECTS, 
CHEMICAL  NONEOUILIBRIUM,  ETC.) 


Figure  4.  Advantage  and  disadvantages  of  wind 
tunnels. 
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Figure  5.  Role  of  aeronautical  “tools." 


Figure  S  emphasizes  the  use  of  computer  codes 
in  putting  together  the  pieces  of  the  puzzle.  In  a  very 
general  sense  it  may  be  said  that  in  Europe,  emphasis 
is  placed  on  research  and  fundamental  concepts  using 
small  facilities,  while  in  the  U.S.,  emphasis  is  placed 
on  system  development  testing  in  large  facilities. 

The  flow-field  features  around  a  body  in  a  high¬ 
speed  airstream  are  illustrated  in  Fig.  6,  and  the  basic 
nomenclature  of  parameters  simulating  flight  in  the 
wind  tunnel  are  shown  in  Fig.  7.  Isentropic  relation¬ 
ships  between  the  total  or  stagnation  properties  and 
the  static  properties  are  typified  by  that  given  in  Fig. 
7  for  total  and  static  temperature  as  a  function  of 
Mach  Number.  The  two  most  basic  simulation  par¬ 
ameters  are  Mach  Number  and  Reynolds  No.  (Fig. 
8).  Geometric  simulation  (model  fidelity)  is,  of 
course,  important  but  is  not  always  possible  because 
of  (small)  model  size.  Altitude  simulation  is  not  often 
a  test  requirement,  except  in  rarefied  gas  flow  studies. 
Mach  number,  determines  the  general  flow  field 
around  a  body  (Fig.  9),  while  Reynolds  number 


SUPERSONIC  INVISQD  FLOW, 
M  >  I  SHOCK  UYER 


SUBSONIC 
H  <1 


(FREE  SnWMiV/ 


e..  V., 

STAGNATION 

INT 

LAMINAR 


Figure  6.  Typical  missile  configuration  and  flow  field 
struaure. 


Figure  7.  Basic  nomenclature. 
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GEONERIC  SIMUUTIOII 

MACH  NUHKI  SIHUUTIOH  (H.) 

lEYHOlO  NUMSEt  SIMULATION  (I.  J 


C. 

7 

WIND  TUNNEL 

Figure  8.  Basic  simuiation  parameters. 


•  MACHNUNUEK 

N-^  NHEtE:  V -TELOCm 

•  a  >  ffEED  Of  SOUND 
0  - 

•  DETEIMINES 

•  SHOCK  SHAPE 

•  FLOW  FIELD 

•  PIESSUKE  A  HEATIH6  DSTRIMITIOHS 


•  lETNOLOSNUMIEI 

WHEIEi 

INEUTU  POKES 
"'nSCONS  POKES 


Q  -  OENSIIT 
1  ~  VELOOIT 
t  -  CHAUaEHSnC  LENGTH 
H  -  VISCOSITY 


•  DETERIMHES 

•  BOUNDAIT  LAYB  STATE  , 

IAMNItfFLOWb<lir  , 
TUnULENTfLOWUl>IH' 

•  UOUNDAIY  UTER  THICKNESS,  S 

Figure  9.  Important  simulation  parameters. 


determines  viscous  effects  (the  boundary-layer 
characteristics).  The  boundary  layer  growth  on  a 
body  surface  is  illustrated  in  Fig.  10,  which  shows 
the  laminar,  transitional,  and  turbulent  flow  regions. 


CONVENTIONAL  HYPERSONIC  WIND 
TUNNELS 

Conventional  hypersonic  wind  tunnels  (i.e.,  not 
arc  driven  or  shock  tube-type)*  are  either  continuous 
flow  or  intermittent  (blowdown)  type  (Fig.  11).  There 
are  very  few  closed-circuit,  continuous  flow  hyper¬ 
sonic  tunnels  in  the  world  because  the  initial  invest¬ 
ment  in  plant  facilities  is  very  high.  Delivering  high- 
pressure  air  at  a  relatively  high  mass  flow  requires 
many  stages  of  compression  with  all  the  attendant 
drive  motors,  valving,  and  coolers,  etc.  (Fig.  12).  For 
example,  the  AEDC  Mach  lOTunneIC  witha  1.28  m 
(50-in.)  diameter  test  section  uses  nine  stages  of  com¬ 
pression  to  supply  138  bar  (2,000  psia)  air  at  29 
Kgm/sec  (64  Ibm/sec),  and  consumes  about  56 
MW/hr  or  power.  Some  low-density  tunnels  which 
can  operate  for  an  hour  or  more  are  classified  as 
continuous  flow.  These  tunnels  run  with  a  stored 
high-pressure  air  supply  and  a  vacuum  plant.  The 
primary  advantage  (Fig.  13)  of  the  continuous  flow 
tunnel  is  in  data  productivity,  which  can  be  very  high, 
particularly  when  the  tunnel  is  equipped  with  a  model 
injection  system  which  allows  access  to  the  model 
while  the  tunnel  is  running. 

Blowdown,  or  intermittent,  tunnels  require  rather 
^ple  plant  capabilities  (Fig.  14),  including  one  or 


TUHULENT 


Figure  10.  Boundary  layer  development. 

1.  IMniUElUINTIMEISECORLESS]* 

2.  KOWDOmiilllN  TIME  SEVERAL  MINUTES) 

3.  CONTINUOUS  (RUN  TIME  SEVERAL  HOURS) 

Figure  11.  Types  of  Hypersonic  wind  tunnels. 


Figure  12.  Schematic  diagram  of  a  continuous  flow 
tunnel. 


ADVANTAGES  MSAOVANTAGES 

•  LARGE  INVESTMENT  IN  ttPITAL 

•  LARGE  INVESTMEin  IN  COMPRESSOR 
PIANT  AND  HEATERS 

•  URGE  INVESTMENT  IN  AUTOMATION 

•  HIGH  OPERATING  COST  (POWER  *  PER. 
SONNEL  +  MAMTENAKE) 

•  lONG  nOE  TO  GET  ON  TEST  CONOITON 
(PUMP  UP,  ETC.) 

•  UaSS  TO  MODEL  IS  TIME  CONSUHINC 
(DOES  NOT  APPLY  TO  TUNNQS  WITH 
INJECnON  SYSTEM). 

Figure  13.  Continuous  flow  facilities. 

*  Impulse  type  facilities  will  Ik  discussed  in  the  next  section. 


•  IHGHLT  PRODUCTIVE 

•  ABLE  TO  KCOMMOOATE  MOST 
nST  nCNMNNIES 

•  STEAM  FLOW  FOR  LONG  FERHOS 
OF  TIME 

•  ERAGLY  REPUTABLE  FLOW 
CONDITIONS 
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Hypersonic  nozzles  are 
generally  conical  or  axisym- 
metric  contoured.  The  conical 
nozzle  does  present  problems, 
however,  from  a  Mach  num¬ 
ber  gradient  prospective.  The 
axisymmetric  contoured 
nozzles  of  the  AEDC  Hyper¬ 
sonic  Tunnel  B  and  C  were 
designed  by  the  procedures 
outlined  in  Ref.  1. 


Figure  14.  Blowdown  facility. 


OWNEt 

FACILin  NAME 

nsT 
SEniON, 
DIAM,  M 

MACH 

NO. 

TOTAL 

PRESSURE. 

ATMOSPHERES 

TOTAL 

TEMP, 

•R 

NASA  AMES 

3.S  HYPERSONIC  WIND 

TUNNEL 

1  1 

S,  7. 10 

135 

1.920 

NASA  UNGLEV 

B  FT  HIGH  TEMPERATURE 
TUNNEL 

2.4 

4-7.2 

IBS 

2.200 

ARNOLD  ENGINEERING 
OEVELOTMENI  CENTER 

HYPERSONIC  WIND  TUNNEL  (B) 
HYPERSONIC  WIND  TUNNEL  |C) 
AERODYNAMIC  AND 

PROPULSION  TEST  UNIT  |APTU) 

1.3 

1.3 

0.B  ■  0.9t 

A  hB 

4,  B.  ID 
2.24.1 

60 

I3B 

11-20 

720 

1.230 

1.100 

NAVAL  SURFACE 

WEtrONS  ONTER 

HYPERVEIOCITY  WIND  TUNNEL 
NO.  9 

I.A 

B.  10.  14 

1,3B0 

1,780 

Figure  15.  Representative  U.  S.  hypersonic  wind  tunnels. 


more  compressors  to  pump  up  a  storage  vessel  of 
high-pressure  air,  and  vacuum  pumps  if  it  exhausts 
to  a  vacuum.  The  tunnel  may  use  ejectors  instead  of 
a  vacuum  tank,  or  it  may  exhaust  to  atmosphere, 
which  requires  very  high  tunnel  supply  pressures. 


All  wind  tunnels  require 
air  driers  to  avoid  water  vapor 
condensation  during  the  ex¬ 
pansion  process.  Hypersonic 
tunnels  also  require  a  heater 
to  raise  the  air  temperature 
above  that  at  which  air  lique¬ 
faction  can  occur  during  the 
expansion  process. 


A  listing  of  some  of  the 
more  capable  hypersonic  con¬ 
ventional  tunnels  in  the  U.S. 
is  given  in  Fig.  IS,  and  sche¬ 
matic  sketches  of  the  tunnels 
are  given  in  Figs.  16  through 
20.  A  listing  of  non-  U.S. 
wind  tunnels  is  given  in  Fig. 
21,  and  descriptive  sketches  of  some  of  these  are 
shown  in  Figs.  22  through  24.  A  comprehensive 
listing  of  hypersonic  tunnels  in  the  U.S.  is  given  in 
Ref.  2  and  the  European  tunnels  are  given  in  Ref. 
3.  Descriptions  of  the  capabilities  of  seleaed  hyper¬ 
sonic  tunnels  follow. 


riEssun  OHinoi  valves 

Figure  16.  NSWC  hypervelocity  wind  tunnel  no.  9  (blowdown-type  facility). 
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Figure  17.  NASA-AMES  3.5  ft  hypersonic  tunnel. 


NSWC  Tunnel  9 

The  NSWC  Tunnel  9  (Fig.  16)  is  a  blowdown 
tunnel  operating  at  Mach  8, 10,  and  14  exhausting 
into  a  vacuum  sphere.  The  nitrogen  test  gas  at 
pressures  up  to  1,380  bars  (20,000  psia)  is  heated 
by  a  graphite  electric  resistance  heater  to  provide 
total  temperatures  up  to  1,780°K  (3,200°R).  Cold, 
high-pressure  gas  is  introduced  behind  the  hot 
nitrogen  to  maintain  constant  reservoir  conditions 
for  the  duration  of  the  test  run.  The  maximum  test 
run  is  about  IS  sec. 
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NASA  LbRC  8-ft  High  Temperature  Tunnel 

The  LaRC  8-ft  High-Temperature  tunnel 
is  a  blowdown  tunnel  exhausting  to  atmos¬ 
phere.  The  nozzle  is  a  conical-contoured 
axisymmetrical  design  with  an  8-ft  (2.46  m) 
exit  diameter.  Total  temperatures  up  to 
2,2(X}°K  (3,960*’R)  are  obtained  by  burning 
methane  in  air  and  using  the  resulting  com¬ 
bustion  products  as  the  test  medium.  The 
maximum  total  pressure  is  166  bar  (2,407 
psia),  and  maximum  run  time  is  120  sec. 

NASA-AMES  3.5-ft  Hypersonic  Tunnel 

The  AMES  3.S-ft  Hypersonic  tunnel 
(Fig.  17)  is  a  blowdown  tunnel  exhausting 
to  vacuum  spheres.  Interchangeable,  con¬ 
toured  axisymmetric  nozzles  provide  Mach 
numbers  of  5, 7,  and  10.  An  alumina  pebble 
bed  heater,  preheated  by  burning  natural 
gas,  provides  total  temperatures  up  to 
1,920°K  (3,460°R).  The  maximum  total 
pressure  is  13S  bar  (1,960  psia).  Run  times 
are  from  0.5  to  4  min. 


Figure  18.  AEDC  tunnel  B. 


AEDC  Tunnels  B  and  C 


Figure  19.  AEDC  tunnel  C. 


The  AEDC  Tunnels  B  and  C  (Figs.  18  and  19) 
are  continuous  flow,  closed-circuit,  hypersonic 
wind  tunnels  with  50-in.  (1.28m)  diam  test 
sections.  Axisymmetric,  contoured  nozzles  for 
Mach  6  and  8  are  available  in  Tunnel  B,  and 
similar  contoured  nozzles  for  Mach  4,  8,  and  10 
are  available  in  Tunnel  C.  The  Mach  4  and  8 
nozzles  in  Tunnel  C  are  open  jet  with  2S-in. 
(0.64m)-diam  exits.  A  nine-stage  compressor 
system  with  a  total  installed  horsepower  of  92,500 
provides  a  wide  range  of  mass  flows  and  total 
pressures  up  to  138  bar  (2,000  psia)  at  Mach  10. 
A  gas-Hred  combustion  heater  provides  total 
temperatures  up  to  7S0‘’K  in  Tunnel  B,  and  the 
gas-fired  heater,  in  conjunction  with  an  electric 
resistance  heater,  provides  temperatures  up  to 
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Figure  20.  AEDC  tunnel  APTU. 


nozzles  for  Mach  numbers  from  2.2  to 
4.1.  A  vitiated  air  heater  (VAH)  fueled 
by  isobutane  provides  true-temperature 
flight  conditions  at  altitudes  ranging  from 
S.OOO  to  80,000  ft  (1 .5-24  Km).  The  tunnel 
exhausts  to  atmosphere  using  air  ejectors, 
and  an  oxygen  replenishment  system  is 
used  to  replace  that  consumed  by  the 
VAH.  Although  designed  primarily  for 
ramjet  propulsion  testing,  the  tunnel  may 
also  be  used  for  aerothermal  and  thermo-- 
structural  type  testing. 


ONERA  S4MA 

The  ONERA  S4MA 
Tunnel  (Fig.  22)  is  an 
blowdown  hypersonic  wind 
tunnel.  The  tunnel  has  a 
propane-heated  alumina 
pebble  bed  heater.  It  has  a 
Mach  6  nozzle  with  an 
0.68-m  diam  exit  and  a 
Mach  10  to  12  nozzle  with 
a  1-m-diam  exit.  The  throat 
is  water-cooled.  The  tunnel 
air  supply  vessel  of  29  m^ 
can  be  pressurized  to  270 
(3,900  psia)  or  400  bar  (5,800  psia).  It  exhausts 
either  into  atmosphere  or  into  vacuum  spheres 
(3,000  or  4,000  m^).  The  heater  provides  a 
maximum  temperature  of  1,850‘’K  (3,300‘*R}. 
Run  times  are  from  30  to  100  sec. 

ONERA  CNRS  SR.3 

The  CNRS  SR.3  Tunnel  (Fig.  23)  is  a  conti¬ 
nuous-flow,  low-density  wind  tunnel  with  an 
open-jet  test  section.  An  80-KW  graphite  heater 
is  used  to  heat  the  test  gas  (air  or  N2)  to 
1,500'’K  (2,700°R)  at  a  pressure  up  to  120  bars 
(1,740  psia).  The  SR.3  covers  an  extensive  range 
Figure  22.  Schematic  diagram  of  the  S4MA  wind  tunnel,  qj  conditions  from  continuum  to  near  free 

molecular  flow  at  speeds  from  Mach  2  to  30. 
1 ,250‘’K  (2,250‘’R)  in  Tunnel  C.  Both  tunnels  have  Nozzle  exit  diameters  are  15  to  30  cm  for  Mach  2  to 
model  injection  systems  which  allow  access  to  the  7  and  36  cm  for  Mach  15  to  30. 
model  for  configuration  changes  while  the  tunnel  re¬ 
mains  in  operation.  DLR-H2K 
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Figure  21.  Representative  non  U.S.  hypersonic  wind  tunnels. 


AEDC  APTU  The  DLR  Hypersonic  Tunnel  2  is  an  blowdown 

tunnel  with  Hve  nozzles  of  0.6  m  exit  diameter  for 
The  AEDC  Aerodynamic  and  Propulsion  Test  Mach  numbers  from  4.8  to  1 1 .2.  The  maximum  total 

Unit  (APTU),  Fig.  20,  is  a  blowdown,  free-jet  wind  pressure  is  50  bar  (725  psia),  and  total  temperature 
tunnel  with  interchangeable,  axisymmetric  free-jet 
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Figure  23.  Schematic  diagram  of  the  CNRS  SR. 3  wind  tunnel. 


Figure  24.  Schematic  drawing  of  the  NAL  SO  cm  hypersonic 
wind  tunnel. 


from  a  2,SOO-KW  heater  is  300  to  1.300°K 
(2,340‘’R).  The  tunnel  exhausts  to  a 
vacuum  sphere  and  has  typical  run  times 
of  30  sec. 


N.A.L.  50-cm  Tunnel 

The  NAL  SO-cm  Hypersonic  Tunnel 
(Fig.  24)  is  an  blowdown  wind  tunnel 
exhausting  to  a  vacuum  sphere.  The 
tunnel  has  four  interchangeable, 
contoured  nozzles,  SO-cm  diameter,  for 
Mach  numbers  S,  7,  9,  and  11,  and  a 
1.2-m  exit  diameter  nozzle  for  Mach  10. 
The  tunnel  has  an  alumina  pebble  bed 
heater  providing  temperatures  to  1  ,SOO°K 
(2,700‘’R);  the  total  pressure  range  is  10 
to  100  bar  (1,4S0  psia).  Maximum  run 
time  is  120  sec. 


ARA  Bedford  M7T 

The  ARA  Bedford  M7T  is  a 
hypersonic  blowdown  tunnel  with  an 
atmospheric  exhaust.  The  tunnel  has  three 
contoured  nozzles  for  Mach  6,  7,  and  8. 

The  tunnel  total  pressure  is  100  to  200  bar  (2,900  psia) 
at  total  temperatures  up  to  8S0°K  (1,S30*R). 

WIND  TUNNEL  TEST  CONDITIONS 

In  considering  a  wind  tunnel  test  two  fundamental 
questions  arise  (Fig.  25):  (1)  how  will  the  tunnel  data 
be  extrapolated  to  flight;  and  (2)  can  the  tunnel 
provide  the  desired  test  conditions?  In  the  first 
question,  for  example,  the  tunnel  results  may  require 
modification  for  real-gas  effects,  and  static  stability 
coefficients  may  need  corrections  for  tunnel  values 
of  model  inlet  internal  flows  and  base  drag.  The 
tunnel  test  conditions  problem  may  be  a  lack  of 
sufficient  pressure  to  generate  the  test  Reynolds 
numbers  desired  or  being  unable  to  provide  the 
maximum  Mach  number  desired. 

Flight  Temperature  Duplication. 

Stream  temperature  simulation  is  not  a  basic 
aerodynamic  simulation  parameter  for  the  wind 
tunnel.  The  duplication  of  flight  temperature  is 
extremely  important  for  the  development  of  struc¬ 
tural  components  to  withstand  the  aerothermal 
environment;  however,  providing  this  capability  in 
the  conventional  hypersonic  tunnel  is  extremely 
difficult  except  at  low  Mach  numbers  (M  s  S), 
because  of  the  high  temperatures  required.  Figure  26 
shows  the  total  temperatures  required  as  a  function 


CONDITIOIIS  REOUIIED 
ro  GENEUTE 
TUNNEL  CONDITIONS 


Figure  25.  Two  fundamental  problems  of  wind  tunnel 
testing. 


Figure  26.  Typical  temperatures  for  flight 
duplication. 
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of  Mach  number  and  altitude.  This  shows  that  a  total 
temperature  of  about  1.000°K  (2,000  °R)  is  required 
at  Mach  5,  which  is  about  the  limit  available  from 
a  conventional  electric  heater.  Temperatures  up  to 
about  2,000'’K  (3,600'’R)  can  be  obtained  by  storage 
heaters  such  as  the  pebble  bed  which  are  used  for 
blowdown  tunnels.  Higher  temperatures  available 
from  arc  heaters  and  compression  heating  will  be 
discussed  later  in  regard  to  impulse-type  tunnels. 

Wind  Tunnel  Flow  Quality 

The  calibration  of  a  hypersonic  tunnel  generally 
consists  of  axial  surveys  through  the  test  section  with 
a  rake  of  pitot-pressure  probes.  In  tunnels  where  a 
probing  mechanism  is  not  available  and  in  short- 
duration  blowdown  tunnels  the  rake  may  be  posi¬ 
tioned  at  different  axial  stations  for  separate  test 
runs.  The  rake  may  include  a  corresponding  number 


of  total-temperature  probes;  however,  in  many  cases 
the  uniformity  in  total  temperature  indicated  by  a 
fixed  rake  of  probes  in  the  stilling  chamber  is 
accepted  as  evidence  of  the  temperature  uniformity 
in  the  test  section. 

A  basic  requirement  for  good  wind  tunnel  data 
is  a  well-calibrated  and  documented  test  section  air¬ 
flow.  Because  of  the  current  advanced  state  of  instru¬ 
mentation  and  data  acquisition  systems,  a  primary 
cause  of  uncertainties  in  test  data  is  the  flow  non¬ 
uniformities  present  in  all  wind  tunnels.  Whether 
from  nozzle  fabrication  imperfections,  nozzle  joints, 
etc.,  small  disturbances  are  present  which  produce 
expansions/compressions  throughout  the  flow  field.^ 
Nozzle  boundary-layer  growth,  which  may  not 
always  be  symmetrical,  produces  changes  in  Mach 
number  level  with  changes  in  tunnel  Reynolds 
number.  An  example  of  the  downstream  progression 
of  a  disturbance  from  a  nozzle  wall  dis¬ 
continuity  is  given  in  Fig.  27.  These  pitot- 
pressure  profile  data  are  from  the  initial 
Mach  8  calibration  of  the  AEDC  Mag¬ 
netic  Suspension  Tunnel,  Tunnel  E  (now 
dismantled),  (Fig.  27a)  which  had  a  rear¬ 
ward  facing  step  in  a  nozzle  joint.  The 
data  show  the  centerline  focusing  of  dis¬ 
turbances,  which  is  a  disadvantage  of  axi- 
symmetric  nozzles.  Because  of  the  vari¬ 
ables  in  accuracy  of  data  from  any  wind 
tunnel,  major  new  flight  vehicles  such  as 
the  space  shuttle  orbiter  have  repetitive 
tests  conducted  on  the  same  model  in  dif¬ 
ferent  tunnels  to  arrive  at  the  best  com- 
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b.  Test  section  pitot  pressure  profiles. 

Figure  27.  Test  section  flow  disturbance  from  a  nozzle  joint. 
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promise  value  for  the  bounds  of  uncertainty  on 
flight  performance  parameters. 

Pitot-pressure  measurements  are  used  to 
define  the  test  section  flow  uniformity  because 
of  problems  involved  in  obtaining  accurate  mea¬ 
surements  of  stream  static  pressure.  Cone- 
cylinder  and  disc  probes  can  be  used  with  good 
results  at  low  to  moderate  supersonic  speeds  (M 
s  3),  but  are  not  used  at  higher  speeds  because 
of  viscous  effects.  Unfortunately,  pitot-pressure 
is  relatively  unaffected  by  the  presence  of  the 
nonisentropic  effects  of  air  liquefaction  and 
water-vapor  condensation,  and  other  means 
should  be  employed  to  verify  the  test  section  flow 
properties.  At  the  AEDC,  this  has  been  done 
since  the  early  1970s  by  using  pressure  dis¬ 
tributions  measured  on  a  slender  cone  (S-deg 
half-angle)  at  a  =  0  compared  with  CFD 
solutions. 

Calibration  results  obtained  recently  (1992) 
in  the  AEDC  Tunnel  B  at  M  =  8  are  shown  in 
Figs.  28  and  29.  Figure  28a  gives  results  from  the 
pitot-rake  surveys  showing  the  variation  in  the 
average  test-section  Mach  number  with  Reynolds 


a.  Variation  of  average  Mg,  with  Re 

from  pitot  rake  data 
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b.  Test  section  pitot  pressure  profiles 
Figure  28.  AEDC  tunnel  B  calibration  data 

at  Mach  8. 


t/L 

b.  Cp  versus  X/L 

Figure  29.  Mach  number  inferred  from  the  S-deg  cone. 

number  and  vertical  pitot-pressure  profiles  at 
several  axial  stations  along  the  test  section  are 
presented  in  Fig.  28b.  The  probe  mechanism  used 
in  Tunnel  B  also  provides  remotely  driven  lateral 
movement  so  similar  profiles  were  obtained  in 
the  lateral  axis.  Figure  29  shows  pressure  distri- 
butions  on  the  S-deg  cone  at  a  =  0  compared 
to  theoretical  solutions.  The  theory  is  a  CFD 
code^  which  is  a  space  marching  algorithm 
which  includes  the  induced  pressure  effects  of 
boundary-layer  growth  from  laminar  to  turbu¬ 
lent  flow  provided  the  transition  location  is 
specified.  The  cone  pressure  distributions  (Fig. 

29a)  presented  as  the  ratio  of  local  surface 
pressure,  to  the  local  pitot  pressure,  Pt  at  the 
cone  nosetip  are  considered  in  satisfactory 
agreement  with  theory  for  the  average  Mach 
number  from  the  pitot  surveys.  The  data  in  the 
form  of  pressure  coefficient,  Cp  show  (Fig.  29b) 
how  one  could  easily  mask  any  nonisentropic 
effects  by  such  a  presentation. 

Air  Liquefaction 

For  Mach  numbers  above  about  M  =  4,  the 
stilling  chamber  air  must  be  heated  above  ambient 
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temperature  to  ensure  that  air  liquefaction  does  not 
occur  during  the  expansion  process.  Figure  30  shows 
the  equilibrium-saturated  expansion  curve  for  air 
along  with  experimental  results  from  a  number  of  3 
U.S.  hypersonic  tunnels.  The  data  fairing  for  the  ~ 
onset  of  liquefaction  from  experiments  shows  that 
most  tunnels  attain  an  amount  of  supersaturation, 
which  varies  with  stagnation  pressure,  which  allows 
operation  at  lower  stagnation  temperatures  than 
indicated  by  the  saturated  expansion  theory.  In 
general,  a  low  rate  of  expansion  in  a  long  nozzle  will 
minimize  the  degree  of  supersaturation  obtained. 

The  generally  accepted  method  of  detecting  the 
onset  of  liquefaction  is  illustrated  by  the  results 
shown  in’  Fig.  31.  These  are  data  from  the  AEDC 
Tunnel  B  at  Mach  8  and  show  that  pitot  pressure  is 
essentially  unaffected  by  the  stagnation  temperature 
change;  consequently,  the  normal  flow  calibration 
technique  using  pitot  probes  will  not  show  any  effect 
of  air  liquefaction.  The  onset  of  liquefaction,  that 
is,  the  minimum  allowable  stagnation  temperature, 
is  determined  by  test  section  measurements  of  wall 
static  pressure. 


O  AIL  3  IN.  HWr  -  STAflC  PIfSS 
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n  All  30  IN.  Hvrr  -  mor  PiEss 


Figure  30.  Phase  diagram  for  air. 


Water  Vapor  Condensation 

Water  vapor  condensation  and  air  liquefaction, 
although  different  phenomena,  have  the  same  type 
of  effects  on  the  test  section  flow  properties,  i.e.,  a 


STAGNATION  TEMPEUTURE.  T, 

Figure  31.  AEDC  tunnel  B,  Mach  8  test 
results  showing  the  onset  of  air 
liquifaction. 

decrease  in  stream  Mach  number  and  an  increase 
in  stream  static  pressure.  As  was  the  case  with  air 
liquefaaion,  pitot  pressure  is  relatively  unaffected 
and  the  local  properties  of  static  pressure  and  pitot 
pressure  are  used  to  define  the  test  section  Mach 
number  and  detect  the  effect  of  water  vapor 
condensation.  Unlike  air  liquefaction,  however, 
where  the  needed  air  temperature  can  be  predicted 
(expansion  theory)  and  easily  verified,  the 
requirement  for  “dry”  air  is  not  easily  predictable 
nor  easily  verified. 

The  water  vapor  condensation  shock  theory* 
provides  only  estimates  of  the  effects  of 
condensation  on  test  section  flow  properties; 
consequently,  the  maximum  allowable  dewpoint 
(frost  point)  temperature  for  any  wind  tunnel  must 
be  verified  by  mtperiment.  Experimentally  determined 
results  for  the  AEDC  Tunnels  A,  B,  and  C  are  shown 
in  Fig.  32.  As  you  can  see,  hypersonic  tunnels  require 
very  dry  air.  The  -  dO'C  frostpoint  requirement  at 
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Mach  10  represents  a  specific  humidity  of  13  ppm 
of  water  vapor  to  air.  This  —  60®C  requirement  was 
determined  from  the  test  results  shown  in  Fig.  33. 


S  6  7  8  f  10 


Figure  32.  Maximum  frost  point  temperatures  for 
“isentropic”  flow  in  AEDC/VKF  hyper¬ 
sonic  tunnels. 


frostpoint  temperature  must  be  continually 
monitored  during  operation.  Air  humidity  problems 
are  particularly  severe  in  continuous  flow  tunnels 
because  of  possible  inleakage  of  humid  atmospheric 
air  in  low-pressure  areas  of  the  tunnel  ducting,  and 
the  potential  for  water  leaks  in  compressor  plant 
coolers. 

The  nonisentropic  effects  on  test  section  flow 
properties  previously  noted  as  an  increase  in  local 
static  pressure  and  decrease  in  Mach  number  are 
compensating  such  that  dynamic  pressure  is 
minimally  affected.  Consequently,  static  stability 
data  show  little  effect  of  air  liquefaction  or  water 
vapor  condensation.  The  primary  area  of  concern  is 
in  defining  specifically  the  tunnel  freesteam 
conditions  in  terms  of  Mach  number  and  static 
pressure  which  are  key  parameters  needed  for  code 
validation  test. 


-to  -40  -20  .  0  20  40  ‘F 

(-51)  l-tO)  1-29)  (-10)  (-7)  (4)  t 


FMKI  POINT 

Figure  33.  Effect  of  air  moisture  content  on 
calculated  Mach  numbers  based  on 
the  ratios  (p,/Po),  and  (p./pi). 


Model  Site  Considerations 

The  allowable  model  size;  i.e.,  frontal  area 
as  well  as  model  length,  is  a  critical  facility 
decision.  One  generally  wants  the  largest  model 
possible  because  of  maximizing  space  for  on¬ 
board  instrumentation  and  for  best  similitude 
of  surface  features.  However,  a  wrong  choice 
and  the  tunnel  user  has  built  an  expensive 
model  which  cannot  be  tested.  Model  length  is 
rarely  critical  because  model  shock  wave  angles 
and  reflected  shock  angles  can  be  estimated  to 
locate  the  reflected  shock  impingement  at  a 
satisfactory  distance  downstream  of  the  model 
base  (-3  diam)  as  illustrated  in  Fig.  34.  Model 
blockage,  however,  is  very  dependent  on  model 
shape,  and  tunnel  characteristics  such  as  the 
starting  pressure  ratio  and  whether  or  not  the 


tunnel  has  a  model  injection  system.  Each 
tunnel,  therefore,  will  have  its  own 
guidelines  established  from  experience  as  to 
allowable  model  frontal  area.  Tunnel 
choking  can  occur  for  reasons  other  than 


a.  Flow  blocked  -  model  frontal  area  too  large 


model  size;  an  example  shown  in  Fig.  3Sa 
is  a  wedge  model  tested  in  the  AEDC  Tunnel 
B  at  Mach  8.  This  model  frontal  area  was 
well  within  the  blockage  criteria  for  this 
tunnel,  but  was  totally  destroyed  (Fig.  35b) 
upon  the  first  injection  into  the  airstream. 


The  inferred  process  involved  in  the  flow 
b.  Model  too  long  c.  Proper  size  model  breakdown  (Fig.  36)  is  believed  to  start  when 

Figure  34.  Model  size  restrictions.  the  wedge  initially  deflects  flow  down  into 


the  tank,  which  then  induces  pressures  to 
The  efficiency  of  air  driers  decreases  as  the  locally  separate  the  tunnel  boundary  layer, 

desiccant  bed  nears  saturation,  and  the  tunnel  Sequential  shadowgraph  pictures  (Fig.  37) 
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illustrate  the  flow  complexity  during  this  process. 
Tests  with  a  rebuilt  model  showed  that  clean 
injections  could  be  made  with  the  wedge  model  set 
at  a  reduced  incidence  angle  to  the  flow.  It  should 
be  emphasized  that  this  was  a  very  unusual  case  and 
is  not  the  way  a  facility  likes  to  add  to  its  model 
blockage  criteria.  In  most  cases,  a  flow  breakdown 
situation  is  determined  without  losing  a  model  by 
testing  suspected  problem  models  at  a  reduced 
pressure  level. 


a.  Wedge  model  prior  to  injection  into  tunnel 

Figure  35.  Results  of  flow 


SUMMARY 

Hypersonic  wind  tunnel  facilities  provide  a  wide 
range  of  Mach  number.  Reynolds  number,  run  time, 
and  size.  However,  it  is  extremely  important  to 
emphasize  that  these  facilities  are  only  tools  and  like 
any  tools  their  use  and  correct  application  determine 
how  effective  they  are  in  solving  a  specific  problem. 


b.  Wedge  model  after  flow  breakdown 
breakdown  on  wedge  model. 


NOQU  UMSTUTS  / 
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Figure  37.  Sequencial  shadowgraph  of  flow  breakdown. 
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ABSTRACT 

A  brief  survey  of  short-duration  facilities 
primarily  used  for  aerodynamic  or  aerothermal 
testing  is  presented.  This  paper  deals  with  facilities 
which  have  useful  run  times  ranging  from  a  few 
hundred  microseconds  to  a  few  hundred  milliseconds. 
The  review  addresses  the  following  types  of  facilities: 
arc-heated  hot  shot  tunnels,  shock-heated  devices, 
compression-heated  wind  tunnels  and,  aeroballistic 
ranges.  Examples  are  given  of  both  US  and  European 
facilities.  The  review  emphasizes  principles  of 
operation,  facility  performance,  and  strengths  and 
weaknesses  of  the  various  types  of  facilities. 

INTRODUCTION 

Hypersonic  facilities  that  attempt  to  simulate  the 
high-temperature  gas  dynamic  phenomena  that  occur 
in  flight  tend  to  be  short  duration  facilities  for  two 
basic  reasons;  (1)  The  enormous  levels  of  energy  that 
are  required  to  produce  the  flow  (gigawatt  levels) 
can  only  be  sustained  for  short  durations, 
and  (2)  Extended  exposure  of  the  facility 
and/or  test  article  to  the  environment 
associated  with  these  energy  levels  will 
cause  severe  damage  to  the  hardware.  The 
trend  shown  in  Fig.  1  where  various  types 
of  facilities  are  displayed  in  terms  of  run 
time  and  stagnation  enthalpy  reflects  these 
constraints.  This  paper  presents  a  brief  sur¬ 
vey  of  short-duration,  high-enthalpy  faci¬ 
lities  employed  primarily  for  aerodynamic 
and  aerothermal  testing.  A  companion  lec¬ 
ture  will  deal  with  high-enthalpy  facility 
types  of  longer  test  duration.  The  paper 
will  emphasize  principles  of  operation,  per¬ 
formance  envelopes,  and  strengths  and 
weaknesses  of  the  various  facility  types. 


HOT  SHOT  TUNNELS 

In  hot  shot  tunnels,  a  fixed  volume  of  test  gas  is 
heated  to  high  pressure  and  temperature  by  an  electric 
arc  discharge  and  then  expanded  through  a  nozzle 
into  an  evacuated  test  chamber.  AEDC  operated 
several  hot  shot  tunnels  in  the  1960s  and  70s.  The 
last  of  these  was  AEDC  Tunnel  F,'  which  was  de¬ 
commissioned  in  the  late  1970’s.  A  view  of  the 
Tunnel  F  plant  and  a  layout  of  the  facility  as  it  existed 
in  1970  is  shown  in  Fig.  2.  There  were  several  diffe¬ 
rent  arc  chambers,  ranging  in  volume  from  1.0  ft^ 
(28.J2  liters)  to  4.0  ft^  (113.28  liters).  Two  of  the 
smaller  chambers  that  were  available  for  the  facility 
are  shown  in  Fig.  3.  The  4.0  ft^  arc  chamber  was  a 
scaled  up  version  of  the  chamber  shown  in  Fig.  3b. 
In  the  operation  of  this  tunnel,  nitrogen  (N2)  or  air 
was  confined  in  the  arc  chamber  by  a  diaphragm 
located  near  the  nozzle  throat.  The  gas  was  heated 
and  compressed  by  the  arc  discharge,  causing  the 
diaphragm  to  rupture  and  initiating  flow  in  the 
nozzle.  The  nozzle  was  a  4-deg  half-angle  conical 
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Figure  I .  Stagnation  enthalpy  and  flow  duration  domains  for 
hypervelocity  simulation  facilities. 
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Tunnel  F  was  a  very  pro¬ 
ductive  facility  at  AEDC  for 
many  years.  It  was  used  pre¬ 
dominantly  for  aerodynamic 
and  aerothermal  testing,  but 
on  occasions  was  employed 
for  combustion  studies  using 
air  as  a  test  gas.  Over  the 
period  of  operation,  a  wide 
variety  of  testing  techniques 
were  developed  for  this 
tunnel;  a  partial  list  of  these 
is  given  in  Fig.  6. 

The  ONERA  hot  shot 


For  aerodynamic  testing,  the  usual 
test  gas  for  Tunnel  F  was  nitrogen.  The 
maximum  design  conditions  for  the  4.0 
f|3  arc  chamber  were  1 ,400  bar  (Po)  and 
4,000  K  (To)  or  2,800  bar  and  2,SOO  K. 
Under  these  conditions,  nitrogen  behaves 
as  a  perfect  gas.  Thus,  Tunnel  F  was 
basically  a  perfect-gas  aerodynamic  test 
facility  with  performance  somewhat 
similar  to  NSWC  Tunnel  9.  The  useful 
run  time  for  Tunnd  F  was  between  SO  and 
200  msec.  Figure  S  shows  another  charac¬ 
teristic  of  hot  shot  tunnels,  the  gradual 
decay  of  stagnation  pressure  over  the  use¬ 
ful  test  time.  It  is  possible  to  obtain  data 
for  several  test  conditions  in  a  single  shot. 


b.  75,000  psia  arc  chamber 
Figure  3.  Tunnel  F  arc  chambers.^ 
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TEST  TECHNIQUES 

•  FORCE  AND  MOMENT 

•  HEAT  TRANSFER 

•  TRANSITION  STUDIES 

•  COMBUSTION  EXPERIMENTS 

•  DYNAMIC  STABIUTV 

•  SCRAMJET  INLET  STUDIES 

•  FREE  FLIGHT  EXPERIMENTS 

•  WAKE  STUDIES  (DHICAL INSTRJMENTATIDN) 

Figure  6.  Test  techniques  in  tunnel  F. 


tunnel,  F4.  A  projected  performance  envelope  for  F4 
is  given  later  (Fig.  21),  along  with  other  European 
high-enthalpy  faciilities. 


Figure  4.  Reynolds  and  Mach  number  ranges  for 
tunnel  F.’ 


A  summary  of  the  advantages  and 
limitations  of  hot  shot  facilities  in 


RUN  18SA,  d*  -  1.0  IN..  P^  =  SO  oiagoh.  I„,  -  S12,00  oiif,  V  -  4  ft) 


TEST  SECTION  RADIUS,  IN. 

Figure  S.  Calibration  run  for  AEDC  Tunnel  F.^ 


general,  and  Tunnel  F  in  particular,  is 
given  in  Fig.  8.  The  uncertainties  in  free- 
stream  conditions,  uncovered  in  Tunnel 
F,  have  been  discussed  in  a  previous 
paper  in  this  series.*  The  lack  of 
certainty  about  the  free-stream  Mach 
number  in  this  tunnel  was  one  of  the 
factors  that  eventually  led  to  its  demise. 

SHOCK  HEATED  FACIUTIES 

Heating  a  gas  by  processing  it  with 
a  shock  wave  has  long  been  recognized 
as  an  effective  way,  producing  very  high 
temperatures  in  the  fluid.  Shock  tubes 
have  long  been  a  fundamental  tool  for 
the  study  of  chemical  kinetics.  The 
pioneering  work  at  the  Cornell  Aer¬ 
onautical  Laboratory^'*  in  the  19S0s 


2,000  bar  and  produce  velocities  in  excess  of  5,000 
m/sec.  This  will  represent  a  dramatic  improvement 
in  performance  over  previous  hot  shot  facilities. 


and  60s  gave  impetus  to  an  important 
high-enthalpy  wind  tunnel  for  aerodynamic  and  aero- 
thermodynamic  testing. 


Figure  7  shows  a  sketch  of  the  ONERA  hot  shot 


All  -  N2 
STDRAGE 


Figure  7.  Sketch  of  ONERA  facility,  F4. 
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AOVANTMES 

•  URGE  MACH  NUMBER 
RETNOUe  NUMBER  MAP 

•  MOOEIATELT  lANG  TEST  TIME 

•  MODERATELY  HIGH  ENTHALPY 

•  CHOICE  OF  TEST  CASES 

•  WIDE  RANGE  Of  TEST 
TECHNIQUES  AVAIUBLE 


UMITATIONS  AND  CONCERNS 

•  TIME  YARYING  TEST  CONDITIONS 

•  FLOW  CONTAMINANTS 

•  PIODUCTIVnY 

«  LIMITED  AIR  CHEMISTRY 

•  COLD  WAU  CONDITIONS  ONLY 

•  FREE-STREAM  UNCERTAINTIES 


Figure  8.  Advantages  and  limitations  of  hot  shot 
tunnels. 


Reflected  Shock  Tunnels 

Figure  9  shows  a  schematic  of  a  reflected  shock 
tunnel  along  with  graphs  indicating  the  operating 
cycle  for  the  device.  Initially,  a  high-pressure  driver 
gas  is  separated  from  the  low-pressure  test  gas  by  a 
diaphragm.  Rupture  of  the  diaphragm  at  t  =  0  starts 
the  process  with  shock  propagating  along  the  shock 
tube,  followed  by  the  interface  between  the  driver  gas 
and  the  test  gas.  At  the  same  time,  an  expansion  wave 
system  is  propagating  through  the  driver  gas.  Part 
b  of  Fig,  9  at  t  =  t|  shows  the  theoretical  pressure 
distribution  along  the  tube  at  this  point  in  the  process. 
The  incident  shock  reflects  from  the  end  of  the  shock 
tube  and  processes  the  test  gas  a  second  time, 
bringing  it  to  rest.  The  test  gas  stagnation  pressure 
and  temperature,  P5  and  T5  can  be  driven  to  very 
high  levels  if  the  incident  shock  Mach  number  is  high. 

The  impingment  of  the  incident  shock  on  the  end 
of  the  shock  tube  causes  a  second  diaphragm  at  the 
nozzle  entrance  to  rupture  and  initiates  flow  through 
the  nozzle  into  the  test  chamber.  A  number  of  factors 
may  limit  the  test  time  in  a  reflected  shock  tunnel. 
One  of  these  is  the  interaction  of  the  reflected  shock 
wave  with  the  driver  gas  interface.  The  three 
situations  that  can  occur  as  the  reflected  shock 
intersects  the  contact  surface  between  the  driver  gas 
and  test  gas  are  illustrated  in  Fig.  10.  The  under¬ 
tailored  case  results  in  a  drop  in  stagnation  pressure 
as  soon  as  the  expansion  reaches  the  end  of  the  shock 
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Figure  9.  Shock  tunnel  operating  diagram. 


tube,  and  results  in  a  reduced  test  time.  The  tailored 
interface,^  where  the  shock  wave  propagates  through 
the  interface  with  no  resistance,  is  the  ideal  case  and 
produces  maximum  run  time. 


Other  factors  that  can  limit  test  time  are  arrival 
of  the  expansion  wave  reflected  from  the  end  of  the 
driver  tube  at  the  end  of  the  shock  tube,  and  arrival 
of  driver  gas  in  the  test  section.  The  available  test 
time  for  reflected  shock  tunnels  is  less  than  ten 
milliseconds  at  low  enthalpy.  In  general,  the  higher 
the  total  enthalpy  of  the  test  gas,  the  shorter  the  test 
time. 


The  total  enthalpy  generated  in  the  test  gas  is 
primarily  a  function  of  the  incident  shock  Mach 
number.  Figure  11  shows  the  effect  of  increasing 
diaphragm  pressure  P4/P1  on  the  incident  shock 
Mach  number.  This  figure  clearly  shows  the  limited 


Figure  10.  Interaction  of  reflected  shock  with  contact  surface. 
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Figure  II.  Ideal  gas  shock  tube  theory.^ 

number.  Figure  1 1  shows  the  effect  of  increasing  dia¬ 
phragm  pressure  P4/P1  on  the  incident  shock  Mach 
number.  This  figure  clearly  shows  the  limited  effect 
of  high  driver  gas  pressure  on  shock  Mach  number. 
Only  by  increasing  the  speed  of  sound  ratio,  a4/a|, 
as  well  as  the  driver  gas  pressure  can  high  enthalpy 
conditions  be  produced  in  the  test  gas.  The  speed  of 
sound  of  the  driver  gas  can  be  increased  by  using  a 


light  gas  (helium  or  hydrogen)  for  a  driver  and 
increasing  its  temperature.  The  conventional  reflected 
shock  tunnels  at  Calspan  ATC  and  Technical  Uni¬ 
versity  at  Aachen  use  electrical  resistance  heaters  to 
increase  the  temperature  of  the  driver  gas  up  to  a  few 
hundred  degrees  Kelvin.  Other  facilities  use  more 
exotic  techniques  to  heat  the  driver  gas  and  obtain 
higher  enthalpy  levels. 

Figure  12  shows  an  elevation  view  of  the  Aachen 
shock  tunnel,^  TH2,  and  Fig.  13  shows  a  schematic 
drawing  of  the  basic  components.  A  performance  en¬ 
velope  of  the  facility  in  terms  of  Mach  number  and 
length  Reynolds  number  (L  =  0.23  m)  is  presented 
in  Fig.  14.  A  similar  facility  in  the  US  is  the  Calspan 
96-in.  shock  tunnel.  A  sketch  of  this  unit,  along  with 
a  performance  diagram,  is  shown  in  Fig.  IS. 

Another  useful  way  to  display  the  characteristic 
of  a  reflected  shock  tunnel  is  on  a  Mollier  diagram 
as  shown  in  Fig.  16.  This  figure,  which  was  computed 
air  in  equilibrium,  shows  explicitly  the  relationship 
between  shock  Mach  number  and  total  enthalpy.  The 
right  ordinate  is  test  section  velocity,  assuming 
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Figure  14.  Performance  envelope  of  Aachen  shock 
tunnel,  TH2.^ 

complete  conversion  of  total  enthalpy  to  kinetic 
energy.  At  the  high  enthalpy  levels  shown  in  this 
figure,  oxygen  begins  to  dissociate  in  the  stagnation 
region.  As  the  test  gas  expands  in  the  hypersonic 
nozzle,  the  composition  freezes  so  that  the  test  stream 


Figure  16.  Reflected  shock  tunnel  stagnation 
conditions. 

is  partially  dissociated.  The  frozen  composition  can 
be  correlated  with  the  stagnation  entropy  so  that  mole 
fractions  of  monatomic  oxygen  present  in  the  test 
stream  can  be  displayed  in  this  figure.  The  altitude 
scale  on  this  figure  assumes  an  isentropic  expansion 
of  the  test  gas  to  the  corresponding  pressure. 


a.  Facility  sketch 


b.  Performance  envelope 

Figure  IS.  The  Calspan  96  in.  shock  tunnel.^ 
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Expansion  Tubes 

A  expansion  tube  is  a  shock-heated  device  that 
uses  an  unsteady  expansion  rather  than  a  nozzle  to 
accelerate  the  test  gas  to  high  velocity.  An  operating 
diagram  for  an  expansion  tube  is  shown  in  Fig.  17. 
The  unsteady  expansion  is  more  efficient  in  con¬ 
verting  thermal  energy  to  kinetic  energy  than  a  nozzle 
and  can  thus  achieve  higher  velocities.  Also,  by  not 
bringing  the  gas  to  rest  prior  to  expansion,  the 
expansion  tube  avoids  the  high  static  temperatures 
that  produce  a  dissociated  test  stream.  Since  the  test 
gas  is  processed  by  only  one  shock,  the  test  gas 
entropy  is  less  than  in  the  corresponding  reflected 
shock  tunnel,  and  the  total  pressure  of  the  test  gas 
is  higher.  Very  high  total  pressures  are  theoretically 
possible  in  expansion  tubes. 


The  disadvantages  of  the  expansion  tube  are  that 
the  run  times  tend  to  be  very  short  (a  few  hundred 
microseconds),  and  the  exit  diameter  of  the  accelera¬ 
tion  tube  where  the  test  gas  enters  the  test  section  is 
small.  Langley  experience  with  the  expansion  tube 
found  that  the  operating  envelope  of  the  device  is 
limited.  The  Langley  expansion  tube  is  currently 
being  operated  by  GASL  under  the  label  HYPULSE. 
The  device  is  currently  directed  toward  supersonic 
combustion  experiments. 

High  Performance  Drivers 

A  number  of  techniques  are  used  to  increase  the 
temperature  of  the  driver  gas  and  to  produce  higher 
enthalpy  of  the  test  gas.  The  Boeing  shock  tunnel  in 
Seattle,  Washington,  USA  introduces  a  stoichiom¬ 
etric  mixture  of  hydrogen  and  oxygen  into  the  helium 
driver  gas  and  ignites  the  mixture  to  heat  the  test  gu. 
A  shock  tunnel  at  NASA  AMES  uses  an  electric  arc 
discharge  to  heat  a  driver  gas.  Compressive  heating 
of  the  driver  gas  has  been  shown  to  be  a  particularly 


effective  way  of  generating  high-enthalpy  test 
streams. 

Free-Piston  Shock  Tunnels 

One  of  the  most  successful  of  the  high-enthalpy 
shock  tunnels  is  the  free-piston  shock  tunnel  de¬ 
veloped  primarily  by  Ray  Stalker  in  Australia. The 
operating  diagram  for  the  free-piston  shock  tunnel 
is  shown  in  Fig.  18.  The  main  advantage  of  the  free- 
piston  driver  is  the  use  of  compression  heating  to 
increase  the  driver  temperature  to  very  high  levels. 
The  principal  parameter  affecting  this  temperature 
rise  is  the  volume  compression  ratio  of  the  com¬ 
pression  process.  With  adiabatic  compression,  it  is 
not  difficult  to  achieve  driver  gas  temperatures 
exceeding  4,000  K,  and  to  produce  shock  Mach  num¬ 
bers  above  IS.  All  of  the  free-piston  shock  tunnels 
currently  in  operation  use  high-pressure  air  to  propel 
a  reuseable  piston  that  compresses  and  heats  the 
driver  gas. 


Figure  18.  Free-piston  shock  tunnel  operating 
diagram. 

Figure  19  shows  the  series  of  free-piston  shock 
tunnels  designed  and  built  by  Prof.  Stalker.  The  first 
three  of  these  were  built  at  Australian  National  Uni¬ 
versity  in  Canberra.  Experiments  in  T3  began  in  the 
mid  1960  and  continue  to  the  present  time.  The  latest 
Australian  facility,'^  T4,  which  began  operation  in 
the  mid-1980s,  is  located  at  The  University  of 
Queensland.  There  is  a  fifth  facility  in  the  T  series, 
TS,  located  at  Caltech  in  the  US.  This  tunnel,  which 
is  somewhat  larger  than  T4,  is  operated  by  Prof. 
Hans  Hornung,  a  long-time  colleague  and  associate 
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Figure  19.  ‘T’  series  free  piston  shock  tunnels.'^ 


of  Prof.  Stalker.  The  Caltech  facility‘s 
became  operational  early  in  1991 .  A  second 
US  facility,  RHYFL,  that  was  being  built 
by  Rocketdyne  and  would  have  been  the 
world’s  largest,  has  been  discontinued. 

The  European  free-piston  shock  tunnel 
is  located  at  DLR  in  Goettingen,  Germany, 
and  with  a  IS-cm  shock  tube  is  currently 
the  world’s  largest.'^  A  sketch  of  the 
layout  of  this  facility,  along  with  projected 
near-maximum  operating  conditions  is 
given  in  Fig.  20.  This  facility  came  on  line 
in  1991  and  is  currently  undergoing 
calibration  tests.  Figure  21  shows  a 
projected  performance  envelope  for  HEG 
in  terms  of  binary  scaling  parameter,  qL, 
and  velocity,  along  with  the  re-entry 


0  1,000  2,000  3,000  4,000  S.OOO  i,000  7,000  0,000 
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Figure  21 .  Performance  envelopes  for  European  high  enthalpy 
facilities.s 
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trajectory  of  Hermes.  Also  shown  on  this  figure  are  developed  for  use  in  these  types  of  facilities.  Figure 
corresponding  envelopes  for  the  Aachen  shock  tunnel  22  gives  a  summary  of  the  advantages  and  limitations 
and  the  ONERA  hot  shot  tunnel  F4.  of  shock  heated  facilities. 


The  extremely  high  enthalpies  that  can  be  gener¬ 
ated  with  a  free-piston  driver  introduce  some  severe 
materials  problems  for  these  facilities.  This  is  parti¬ 
cularly  true  for  free-piston  devices  operating  in  a 
reflected  shock  mode.  For  these  facilities,  nozzle 
throat  erosion  and  melting/burning  of  the  shock  tube 
in  the  stagnation  region  are  factors  that  limit  the 
stagnation  pressures  and  temperatures  that  can  be  at¬ 
tained  without  incurring  damage.  Non-reflected 
shock  tunnels  and  expansion  tubes  which  do  not 
stagnate  the  test  gas  are  less  susceptible  to  heating 
problems  but  tend  to  have  much  shorter  run  times. 
In  this  regard,  nitrogen  is  a  much  more  benign  test 
gas  for  shock  tunnels  than  air.  Oxygen,  at  the  tem¬ 
peratures  produced,  will  destroy  most  of  the  high- 
strength  materials  available  for  shock  tube  and  nozzle 
construction. 

It  is  clear  from  this  brief  survey  that  many  dif¬ 
ferent  types  of  shock-heated  facilities  have  been  de¬ 
veloped.  The  common  characteristics  of  these  devices 
is  that  they  have  the  ability  to  produce  very  high 
enthalpy  flows  for  a  very  short  duration.  In  general, 
the  higher  the  enthalpy,  the  shorter  the  test  time.  The 
combination  of  short  test  time  and  high  impulsive 
starting  loads  makes  conventional  aerodynamic  force 
and  moment  testing  in  shock  tunnels  challenging. 
However,  a  wide  variety  of  test  techniques  have  been 
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Figure  22.  Advantages  and  limitations  of  shock- 
heated  facilities. 


COMPRESSION-HEATED  FACILITIES 


This  class  of  facilities  uses  adiabatic  compression 
to  compress  and  heat  a  test  gas  and  thus  are  related 
to  the  free-piston  shock  tunnels  just  described.  In 
theory,  the  use  of  a  nearly  isentropic  process  to  com¬ 
press  the  test  gas  should  be  much  more  efficient  than 
the  highly  nonisentropic  shock  wave.  Practically, 
however,  the  compression  heated  devices  have  not 
been  able  to  achieve  the  total  temperature  levels 
generated  by  shock  tunnels.  Figure  23  shows  some 
of  the  characteristics  and  operating  conditions  of  the 
principal  western  European  gun  and  piston  tunnels. 
Prominent  among  these  is  the  VKI  Longshot. 

A  compression-heated  facility  that  is  perhaps  not 
as  well  known  to  westerners  is  the  TsNlIMASH  Pis¬ 
ton  Gas  Dynamic  Unit  (PGU)  U-ll'^  illustrated 
schematically  in  Fig.  24.  The  upstream  portion  of  this 
facility  is  a  free-piston  compressor  consisting  of  a 


SCHEMATIC  AND  OPEUTING  OaE  OF  THE  lONGSHOT  TUNNEL 


SCHEMATIC  OF  THE  CUN  TUNNEL 
AND  OPERATING  CVCLE 


Figure  23.  Characteristics  of  compression  heated  facilities. 
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reservoir  chamber,  a  heavy,  1,S00  kg  piston  and  an 
l8-in.-diam  compression  tube.  In  this  compression 
process,  a  diatomic  test  gas  (air  or  nitrogen)  is  com¬ 
pressed  to  approximately  2,500  bar  and  2,000  K. 


AEROBALLISTIC 
RANGE/TRACK 

Figure  27  shows  a  cuta¬ 
way  drawing  of  the  AEDC 
Hypervelocity  Range/Track 
G.*  The  major  components 
shown  are  a  6.3S-cm  bore 
light  gas  gun  and  a  300-m- 
long,  3-m-diam  environ¬ 
mental  chamber.  The  first  20 
m  of  the  chamber  are  se¬ 
parated  from  the  rest  by  a 
bulkhead  and  quick-acting  valve  to  form  a  blast  tank. 
The  vacuum  plant  is  used  to  pump  down  the  environ¬ 
mental  chamber  to  simulate  the  desired  altitude.  The 
300-m  range  is  equipped  with  SO  orthogonal  spark 


The  two  chambers  at  the  downstream 
end  of  the  compression  tube  are  the  most  in¬ 
teresting  feature  of  the  facility.  When  the 
pressure  of  the  test  gas  reaches  some  pre¬ 
scribed  level,  the  quick-opening  valve  to  the 
fore  chamber  or  accumulator  opens,  and  this 
chamber  fills  in  an  unsteady,  nonisentropic 
process.  In  this  process,  the  temperature  of 
the  test  gas  is  increased  by  a  factor  of 
y  =  1.4. 


When  the  pressure  in  the  fore  chamber 
reaches  the  level  required  for  the  test,  the 
check  valve  closes.  The  gas  remaining  in  the 
compression  tube  acts  as  a  cushion  for  the  piston. 
The  second-stage  regulator  valve  then  opens 
introducing  the  test  gas  into  the  nozzle  plenum  and 
initiating  flow  through  the  nozzle  and  test  section. 
The  second  stage  regulator  maintains  the  pressure  in 
the  plenum  constant  until  the  pressure  in  the 
accumulator  falls  below  the  required  value.  A 
diagram  of  the  operating  process  of  the  TsNIIMASH 
facility  is  shown  in  Fig.  25.  Run  times  for  this  facility 
are  quoted  as  ranging  from  0.1  to  1  sec. 

A  variety  of  nozzle  assemblies  are  available  for 
thjs  facility,  permitting  the  generation  of  hypersonic 
test  section  Mach  numbers  from  6  to  20.  The  nozzle 
exit  diameter  is  0.8  m.  The  facility  is  also  equipped 
with  a  transonic  nozzle.  A  performance  envelope  for 
this  facility  in  terms  of  Mach  number  and  Reynolds 
number  is  given  in  Fig.  26. 


3 

s: 


Figure  25.  Mollier-type  diagram  of  PGU  compression 


process 


17 


Figure  26.  Operating  envelope  for  aerodynamic/ 
aerothermal  testing.*^ 
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Figure  27.  AEDC  hypervelocity  range/track  G.' 


shadowgraph  stations,  13  X-ray  stations,  and  7  laser 
photographic  stations,  as  well  as  many  other  special 
instruments. 

The  operation  of  the  2-stage  light-gas  gun  is 
illustrated  in  Fig.  28.  A  gunpowder  charge  accelerates 
the  piston  down  a  pump  tube,  compressing  and  heat¬ 
ing  the  light  gas  (usually  hydrogen)  to  high  pressure 


and  temperature.  At  some  prescribed  pressure,  a 
diaphragm  separating  the  pump  tube  from  the  launch 
tube  ruptures,  causing  the  projectile  to  be  accelerated 
down  the  launch  tube.  With  this  method,  projectile 
velocities  in  excess  of  5,000  m/sec  can  be  achieved. 
Figure  29  shows  the  launch  capability  of  the  Range 
G  gun. 

The  facility  is  used  in  two  modes.  The  first  mode 
is  called  the  free-flight  mode,  In  this  mode,  a  model 
and  sabot  package  are  launched  out  of  the  light  gas 
into  the  blast  chamber,  where  the  sabot  is  aero- 
dynamically  separated  from  the  model  and  trapped 
in  the  blast  chamber.  The  model  is  allowed  to  pass 
through  the  blast  chamber  and  into  the  test 
environment,  where  the  necessary  data  are  taken  as 


the  model  flies  to  the  end  of  the 
chamber,  where  it  is  destroyed. 
Figure  30  shows  a  typical  Range 
G  model  for  the  free-flight  test 
mode  and  its  sabot.  The  main 
restriction  of  the  free  flight 
models  is  that  they  be  aero- 
dynamically  stable  so  they  can  fly 
the  length  of  the  range  without 
significant  flyoff.  Typically,  free- 
flight  models  are  axisymmetric. 

The  second  mode  of  testing, 
the  track  mode,  is  illustrated  in 
Fig.  31.  In  this  test  mode,  the 
model  is  launched  out  of  the 
light-gas  gun  onto  a  four-rail  track  which  guides  the 
model  through  the  test  chamber  and  into  a  recovery 
tube.  In  the  recovery  tube,  the  model  is  brought  to 
rest  without  incurring  significant  damage.  Figure  32 
shows  a  typical  Track  G  model.  The  major 
requirement  here  is  that  the  model  has  a  cylindrical 
base  made  of  an  appropriate  material  such  as 
Lexan*  .  The  base  is  used  to  mate  the  model  with 
the  gun  and  the  four-rail  track  system.  Aerodynamic 
stability  is  not  an  important  consideration  for  track 
models. 


Figure  29.  G-range  launch  capability.  ‘ 

The  significant  advantage  of  the  ballistic  range 
is  that  it  can  duplicate  the  stagnation  pressures  and 
enthalpies  at  Mach  numbers  corresponding  to  the 
peak  heating  portions  of  reentry  trajectories.  In 
effect,  ballistic  ranges  permit  flight  testing  in  a 
controlled  environment.  Figure  33  gives  a  partial  list 
of  types  of  tests  that  can  be  carried  out  in 
Range/Track  G.  The  major  disadvantages  of  an 
aeroballistic  range  are  that  only  small  axisymmetric 
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Figure  30.  Typical  range  G  free-flight  model. 


Figure  32.  Typical  track  G  model. 


lAUNCHEK  niACK  UtOfflir  TUIE 


- -  laOO  Fnt  - 

Figure  31.  AEDC  track  G. 


launch  slender  models  of  low 
bluntness  for  the  purpose  of 
studying  their  wake  signa¬ 
ture  characteristics. 

An  important  ancillary 
device  in  this  enhancement  is 
a  dual-purpose  impact/im¬ 
pulse  facility  that  will  be 
plaeed  adjaeent  to  the  new 
large  gun.  In  its  impact  role, 
the  dual  facility  will  be  a 


models  normally  can  be  tested,  and  that  data 
acquisition,  other  than  photographic  data,  is  difficult 
because  there  is  no  physical  data  link.  The  advantages 
and  limitations  of  ballistic  ranges  are  summarized  in 
Fig.  34. 


RANGE  G  UPGRADE 

AEDC  is  currently  renovating  and  upgrading 
several  test  units  in  the  Hypervelocity  Range 
Complex.'*  Figure  35  is  an  artist’s  sketch  showing 
the  improved  G-Range  as  it  will  appear  at  the  end 
of  this  year  (1993).  The  centerpieee  of  this  renovation 
is  a  new,  large  (8.38-cm  bore)  two-stage  light-gas  gun 
capable  of  launching  larger  projectiles  with 
substantially  lower  peak  acceleration.  The  softer 
launch  anticipated  with  the  larger  gun  is  illustrated 
in  Fig.  36.  A  primary  role  of  the  new  gun  will  be  to 


•  ULATION/ftOSION 

•  TCNT 

•  NOSETIP  TUNSITION 

•  HEAT  TUNSFER 

•  AEKODYNMIICS 

•  ROCKET  CONTRAIL 

•  REENTRY  PHYSICS 

•  IMPAn 

•  PROJECTILE 

•  WAKE  SIGNATURE 

Figure  33.  Range/track  G  test  techniques  available. 


ADVANTASES 

FREE  FLIGHT  IN  A  CDNIROttED 
ENVIRONMENT  . 

HKH  VEIOCIIY  ATFAINAIIE 
WUE  RANGE  Of  FREE  STREAM 
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UKCONTAMINATED  FREE  STREAM  • 

CHOICE  OF  TEST  GASES 
POSSIRLE  SNOW,  OUST.  WATER  OROPS 


UMITAFIMS  AND  CONCERNS 
SHORT  nST  TIMES 
NO  PHYSICAL  DATA  LINK 
SMALL  SCALE  AXI  SYMMETRK 
AEROOYNAMICAILY  STARLE  MODELS 
I  MODEL  - 1  HOT  SHOT 
NIGH  ACaiERATION  LOADS  ON  MODEL 
UNCONTROLLED  MODEL  AHITUDE 


Figure  34.  Advantages  and  limitations  of  ballistic 
range/track  facilities. 
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Figure  35.  G-range  enhancements.'^ 


this  leg  of  the  facility  as  a 
fiee-piston-driven  reflected 
shock  tunnel.  In  this  mode 
of  operation,  the  launch 
tube  will  be  replaced  with 
a  7.(i2-cm  diam  shock  tube, 
nozzle,  and  test  section. 
The  nozzle  and  test  seaion 
of  this  shock-heated  im¬ 
pulse  tunnel  is  shown  in 
Fig.  37.  The  free-piston 
shock  tunnels  built  pre¬ 
viously  use  high-pressure 
air  to  drive  a  reusable 
piston.  It  is  anticipated  that 
by  using  a  gun-powder- 


propelled  dispos-able  piston  to  compress  and  heat  the 
driver  gas,  higher  performance  may  be  achieved  by 
this  facility  than  other  free-piston  shock  tunnels. 
Figure  38  presents  an  anticipated  performance  map 
of  this  facility  in  terms  of  velocity  and  binary  scaling 
parameter,  gL. 

CURRENT  AERODYNAMIC  SIMULATION 
DEnCIENCIES 

The  current  deficiency  in  aerodynamic  ground 
test  capability  can  be  illustrated  by  comparing  the 
trajectories  of  various  vehicle  with  a  composite 
envelope  of  existing  facilities.  This  comparison  can 


Figure  36.  Launch  acceleration  comparison. different  parameters  depending 

on  what  phenomenon  is  of  principal  concern.. Per- 


Figure  37.  Nozzle/test  section  detail."’ 


haps  the  most  fundamental  is  in 
terms  of  velocity  and  pressure 
altitude,  the  basic  vehicle  tra¬ 
jectory  parameters.  This  com¬ 
parison  is  shown  in  Fig.  39  and 
dramatically  reveals  the  inability 
of  ground  test  facilities  to  dupli¬ 
cate  the  flight  conditions  of 
hypersonic  vehicles.  When 
plotted  in  terms  of  classical 
aerodynamic  simulation  parame¬ 
ters,  Mach  number  and  Reynolds 
number,  the  comparison  of  ve¬ 
hicle  trajectory  and  composite 
envelope  of  US  facilities  shows 
less  disparity.  Much  of  the  faci¬ 
lity  performance  map  shown  in 
Fig.  40  is  provided  by  the 


copy  of  the  existing  launch  gun  with  a  6.3S-cm  bore. 
The  gun  will  be  used  to  launch  projectiles  to  impact 
targets  located  in  the  existing  target/dump  tank.  In 
addition  to  the  impact  role,  it  is  planned  to  operate 


Calspan  Shock  Tunnels.  Even  in 
terms  of  classical  aerodynamic  simulation,  however, 
there  are  difficulties  that  are  not  apparent  in  terms 
of  this  figure.  One  of  the  major  influences  of  flight 
Reynolds  number  is  its  effect  on  the  location  of 


31 


AEDC-TR-g4-8 


Figure  38.  Projeaed  performance  envelope  for 
AEDC  free  piston  shock  tunnel. 


Figure  39.  Comparision  of  facility  envelops  and 
vehicle  trajectories. 


Figure  40.  Aerodynamic  simulation  capability. 


boundary-layer  transition.  No  large,  high  Mach 
number  facility  currently  exists  that  is  sufficiently 
quiet  to  reasonably  simulate  this  phenomenon. 

The  ability  to  simulate  chemical  kinetic  effects 
is  best  represented  by  comparisons  of  facility 
performance  and  vehicle  trajectory  on  an  qL-V 
plot.  Such  a  plot  is  shown  for  some  European 
high-enthalpy  facilites  in  Fig.  21  and  for  the 
AEDC  free-piston  shock  tunnel  in  Fig.  3N. 
Generally,  ultra-high  enthalpy  facilities  which 
introduce  chemical  kinetics  into  the  flow  do  not 
expand  the  test  gas  to  the  correct  ambieni 
temperature.  Thus,  a  duplication  of  pL  and 
velocity  do  not  imply  a  duplication  of  Mach 
number  and  Reynolds  number. 

The  major  shortcomings  of  the  ballistic  range 
are  primarily  associated  with  small-scale  models 
and  data  quality  problems  rather  than  the  inability 
to  match  flight  conditions. 

CONCLUDING  REMARKS 

A  short  survey  of  various  types  of  short- 
duration,  high-enthalpy  facilities  has  been 
presented  and  examples  given.  No  attempt  has 
been  made  to  provide  a  complete  list  of  the  active 
high-enthalpy  facilities  in  the  world.  The  types  of 
facilities  considered  in  this  paper  are  primarily 
employed  for  aerodynamic  and  aerothermai 
testing,  but  many  of  them  have  been  and  are  being 
used  for  combustion  experiments.  Examples  have 
been  chosen  from  US  and  European  facilities.  Of 
the  examples  presented,  only  Tunnel  F,  the  AEDC 
Hot  Shot  Tunnel,  is  no  longer  in  operation. 
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Introduction 

There  are  hypersonic  test  requirements  which 
can  not  be  satisfied  by  short  duration  or  pulsed  high 
enthalpy  facilities.  Thermal  equilibrium  in  struc¬ 
tures  and  propulsion  systems  is  required  for  accu¬ 
rate  evaluation  of  temperature  and  performance. 
Reference  1  contains  a  summary  of  both  continu¬ 
ous  and  pulsed  hypersonic  simulation  capability  for 
application  to  hypersonic  propulsion  system  test¬ 
ing.  Combustion-heated  facilities  and  electric  arc- 
heated  concepts  are  presented  in  Reference  1  and 
will  be  reviewed  in  this  paper.  Also  MHD  aug¬ 
mented  arc-heated  facility  performance  will  be  pre¬ 
sented  for  very  high  Mach  number  simulation  above 
10.  Propulsion  system  test  and  simulation  require¬ 
ments  include;  true  enthalpy,  correct  entropy,  free- 
strcam  total  pressure  and  clean  air  for  correct  com¬ 
bustion  kinetics.  Exact  simulation  requires  flight 
test,  however  each  of  the  high  enthalpy  facilities  re¬ 
viewed  meets  most  of  the  requirements  for  a  range 
of  Mach  numbers. 

Combustion- Heated  Facilities 

Combustion-heated  facilities  produce  a  test  flow 
by  burning  a  mixture  of  fuel,  air  and  oxygen  in  a 
high  pressure  combustor  to  yield  a  test  gas  with 
the  correct  total  temperature  and  oxygen  content. 
However  the  products  of  combustion,  COj,  CO, 
HjO,  OH  -  -  -  are  present  as  contaminants,  and 
their  impact  on  combustion  kinetics  and  wall  heat 
transfer  must  be  analytically  evaluated.  Facilities  of 
this  type  include  the  NASA  Langley  Combustion- 
Heated  Scramjet  Test  Facility  which  burns  hydro¬ 
gen,  the  NASA  Langley  8-fool  high  temperature 
tunnel  which  burns  methane  (Ref.  2),  and  the  Aero¬ 
jet  Engine  Test  Facility  which  uses  monomethylhy- 
drazine  and  nitrogen  telroxide. 

The  major  advantage  of  these  facilities  is  that 
the  energy  input  to  the  test  gas  due  to  combustion 
can  be  much  greater  than  electrically  heated  facili¬ 
ties  allowing  much  greater  mass  flow.  The  Langley 
Combustion  Heated  Facility  is  nominally  operated 


at  912°  K,  six  atmospheres  with  a  mass  flow  of  14 
Kg/s  (Ref.  2).  Approximately  0.1  Kg/s  of  hydro¬ 
gen  produces  energy  release  of  10  MW  of  power. 
The  maximum  test  total  temperature  is  limited  to 
the  adiabatic  flame  temperature  of  an  ideal  mix¬ 
ture  of  fuel  and  oxidizer.  (Figure  1.)  The  level  of 
water  vapor  becomes  a  significant  contaminate  as 
the  total  temperature  is  increased  in  a  hydrogen-rur- 
oxygen  facility.  The  maximum  Mach  number  simu¬ 
lation  in  a  hydrogen  heated  facility  is  approximately 
7.  Thus  combustion-heated  facilities  have  a  limited 
Mach  number  application  in  development  of  hyper¬ 
sonic  systems. 
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Since  a  stoichiometric  mixture  of  meygen  and 
hydrogen  will  produce  a  total  temperature  near 
4000°K  (Mach  10),  a  combustion-heated  storage 
(convection -heated)  facility  can  provide  clean  air  at 
Mach  8  conditions.  The  NASA  Lewis  Hypersonic 
THinnel  Facility  (Ref.  3)  uses  a  carbon  storage  heater 
to  heat  nitrogen  followed  by  oxygen  mixing  ahead  of 
the  test  section.  Figure  2  shows  the  HTF  configura¬ 
tion,  and  Figure  3  presents  the  operating  simulation 
range.  High  operating  costs,  low  test  frequency,  and 
flow  contamination  by  heater  “dust”  limit  the  appli¬ 
cation  of  combustion-heated  storage  heaters.  How¬ 
ever  very  large  mass  flow  rates  may  be  obtained  from 
storage  heaters  for  several  minutes  of  test  time. 
ble  1  provides  performance  of  the  HTF 
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at  Mach  numbers  5,  6  and  7. 


FlguraaHTFSdieinatieVlew.  (Re(.3.) 


heating  test  gases  including  air  to  much  higher  tem¬ 
peratures  than  by  indirect  means.  Enthalpies  as 
high  as  40,000  BTU/lb  may  be  possible  at  rela¬ 
tive  low  pressures.  A  maximum  practical  operating 
chamber  pressure  for  continuously  operating  electric 
arcs  is  believed  to  be  about  200  atm  for  heating  air. 
Currently,  continuous  electric  arcs  are  routinely  op¬ 
erated  to  approximately  120  atm.  At  this  condition 
the  average  total  enthalpy  is  limited  to  about  3000 
to  4000  BTU/lb,  depending  upon  the  type  of  arc 
heater  used. 

Aerothermal  materials  testing  for  shuttle  and 
atmospheric  entry  (earth  and  planetuy)  vehicles  hais 
been  conducted  extensively  in  arc  heated  facilities 
using  both  blunt  body  and  panel  testing  modes. 
Aerothermal  materials  testing  has  been  by  far  the 
most  extensive  application  of  large  electric  arcs. 
Some  experience  exists  in  heating  air  for  combuster 
reseuch  and  development  and  simulated  products 
of  combustion  for  noezle  research  and  development. 
Electric  arcs  also  have  been  used  to  heat  air  and 
other  gases  to  study  high  speed  low  density  flow  phe¬ 
nomena. 

Arc  Heater  Types 

Two  basic  types  of  electric  arc  heaters  are  nor¬ 
mally  used  in  hi^  enthalpy  wind  tunnels.  These, 
the  Hneh  type  and  the  segmented  (or  constrictor 
type),  are  illustrated  in  Figure  4  and  5. 


Electric  Arc-Heated  Facilities 

The  requirements  for  higher  test  enthalpies  lead 
researchers  to  develop  electric  arc  heaters.  Early 
research  was  directed  toward  small  high  tempera¬ 
ture  materials  testing  and  low  density  hypersonic 
wind  tunnels.  As  the  size  and  power  levels  of  arc 
heaters  increased  they  were  adopted  for  large  hy¬ 
personic  aerothermal  and  propulsion  facility  appli¬ 
cations.  The  following  presentation  “Electric  Arc 
Heaters”  is  taken  from  Reference  4,  AGARD  High 
Enthalpy  Facility  Study  Group  Report  by,  Laster, 
Arnold,  Nichob  and  Horn.  (Ref.  4.) 

The  electric  arc  heater  b  a  means  of  directly 
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Huels  Arc  Heater.  The  Huels  are  heater  is  a 
relatively  simple  unit  where  the  electrodes  are  long 
coaxial  tubes  separated  by  a  swirl  chamber  and  a 
single  large  insulator  that  takes  the  entire  voltage 
drop  across  the  arc  heater.  Air  is  introduced  tangen* 
tially  into  the  swirl  chamber  and  the  strong  vortex 
formed  is  largely  responsible  for  stabilising  the  arc  in 
the  downstream  electrode.  The  upstream  electrode 
has  a  large  magnetic  field  coil  to  enhance  arc  ter¬ 
mination  and  rotation.  In  some  cases  a  similar  field 
coil  is  used  on  the  downstream  electrode  to  prevent 
the  arc  from  blowing  through  the  nozzle.  The  ge¬ 
ometry  of  this  arc  heater  results  in  relatively  simple 
device  with  few  components,  but  the  arc  is  also  free 
to  select  its  own  c^erating  length  and  characteristics 
since  there  is  little  constraint  on  its  termination.  Be¬ 
cause  the  arc  can  select  its  own  “natural"  operating 
length  in  a  Huels  arc  heater  the  operating  charac¬ 
teristics  of  this  type  arc  heater  are  somewhat  er¬ 
ratic  since  the  arc  does  not  necessarily  attach  in  the 
downstream  electrode  in  a  repeatable  fashion  from 
one  run  to  another.  The  Huels  arc  heater  can  be 
designed  to  operate  at  very  high  pressure,  but  the 
unit  is  limited  to  low  enthalpy  (2,000-4,000  BTU/lb 
in  air)  operation  since  the  current  density  must  be 
kept  at  a  reasonably  low  level  to  msdntain  the  in¬ 
tegrity  of  the  electrodes.  However,  the  simplicity  of 
the  unit  allows  for  easy  maintenance  and  short  turn 
around  times  during  testing.  The  basic  Huels  arc 
heater  design  has  been  in  existence  for  many  years, 
predating  1940.  The  Huels  electric  arc  design  is  used 
extensively  in  industrial  applications  as  well  as  high 
enthalpy  wind  tunnel  applications. 

Segmented  Arc  Heater.  The  segmented  design 
is  more  commonly  used  for  the  wind  tunnel  appli¬ 
cations.  This  type  arc  heater  is  usually  quite  com¬ 
plicated  with  many  components  and  precisely  ma¬ 
chined  parts.  The  electrode  packages  often  contain 
multiple  rings  that  are  the  actual  electrodes  and  each 
active  electrode  is  isolated  from  the  others  and  is  in¬ 
dividually  ballasted.  Each  ring  electrode  has  a  given 
current  rating,  therefore,  the  number  of  electrode 
rings  required  is  determined  by  the  total  current  ex¬ 
pected  in  the  arc  column.  With  proper  adjustment 
of  the  individual  ballasts  the  electrode  rings  can  be 
made  to  share  current  more  or  less  equally.  To  assure 
sufficient  ionization  in  the  vicinity  of  the  electrodes 
a  small  amount  of  argon  gas  may  be  used  to  sheath 
each  electrode  ring.  Since  the  electrode  rings  share 
the  current  load,  the  arc  attachment  produces  less 
thermal  load  in  the  material  than  does  the  attach¬ 
ment  point  in  the  Huels  arc  heater  resulting  in  less 
material  contamination  for  the  segmented  arc  heater 
flow.  The  stream  contamination  produced  from  the 
electrode  material  in  a  segmented  arc  heater  is  less 
than  10  parts  per  million  of  the  stream  mass  flow. 
The  constrictor  tube  separates  the  anode  and  cath¬ 


ode  electrode  packages  and  is  made  up  of  a  series  of 
water  cooled  disks  (or  segments)  that  ate  electrically 
isolated  from  each  other.  The  disks  are  individu¬ 
ally  water  cooled  and  the  test  gas  (usually  air)  is  in¬ 
troduced  between  the  disks  abng  the  entire  length 
of  the  constrictor  channel.  The  distribution  of  air 
along  the  constrictor  can  be  changed  to  tailor  the 
performance  of  the  arc  heater.  Since  each  segment 
is  insulated  from  the  others  the  voltage  is  dropped 
incrementally  along  the  constrictor  from  one  elec¬ 
trode  package  to  the  other.  This  is  in  sharp  contrast 
to  the  design  of  the  Huels  arc  heater.  The  disk  seg¬ 
ments  and  their  assodated  insulators  and  seals  can 
be  packaged  into  modules  of  several  disks  for  ease  of 
handling.  The  length  of  the  constrictor  is  tailored 
to  the  performance  desired  with  due  condderation 
for  the  operating  pressure,  mass  flow,  and  arc  cur¬ 
rent.  The  arc  length  is  fixed  once  the  length  of  the 
constrictor  has  been  determined  and  the  arc  column 
can  not  achieve  its  “  natural"  length  as  in  the  Huels 
arc  heater.  As  a  result  the  segmented  arc  heater 
operates  in  a  very  predictable  fashion  with  excellent 
repeatability.  The  segmented  arc  heater  can  produce 
very  high  enthalpy  levels,  but  it  docs  so  at  rdatively 
low  pressures.  It  can  be  operated  at  high  pressures, 
but  arc  instabilities  associated  with  high  pressure 
operation  are  formidable,  because  of  the  high  volt¬ 
age  gradients  of  the  long  constrictor. 

For  aU  types  of  electric  arc  heaters  contrun- 
inatnn  of  the  air  stream  from  electrode  particles 
and  thermal  and  chemical  nonequilibrium  expan¬ 
sion  poses  issues  which  are  not  fully  resolved  or  ad¬ 
dressed.  The  development  of  electric  arc  heaters,  es¬ 
pecially  the  segmented  type,  is  not  fully  matured  for 
the  arrsqr  of  test  applications  envisioned  for  the  fu¬ 
ture.  Much  more  R  &  D  is  needed  relative  to  design, 
contamination  assessment  (and  possible  reduction), 
scaling,  and  performance  improvements. 

Existing  Are  Heater  Capabilities 

Electric  arc  heaters  fi>r  high  enthalpy  wind  tun¬ 
nel  testing  are  operated  in  China,  fkanee,  Germany, 
Israel,  the  USSR  and  tiie  United  States.  Interest  is 
known  to  exist  for  development  of  this  capability  in 
India,  Japan,  and  Italy.  Capabilities  known  to  exist 
in  the  NATO  community  are  discussed  in  mote  detail 
below.  FVance,  Germany,  and  the  United  States  all 
have  arc  heater  development  activities.  The  exist¬ 
ing  large  electric  arc  test  facilities  are  predominately 
used  for  aerothermal  material  and  structural  testing 
although  some  usage  of  them  is  made  for  hypersonic 
combuster  and  nozzle  research  in  the  Unit^  States. 
In  France  the  center  of  electric  arc  development  for 
continuous  running  arcs  is  at  Aerospatiale,  Estab¬ 
lishment  D’ Aquitaine.  A  new  “hot  shot*  electric 
arc  tunnel,  F-4,  is  under  construction  by  ONERA  at 
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LeFagua,  FYance.  This  new  facility  will  be  the  only 
known  operating  “hot  shot"  facility  in  the  NATO 
community.  AEDC  mothballed  their  “hot  shot”  far 
cility  (T\]nnel  F)  in  1980.  European  Space  Agency 
is  participating  in  the  planning  of  a  new  arc  driven 
wind  tunnel  to  be  built  at  Capua,  Italy.  Germany 
has  electric  arc  heater  research  and  development  ac¬ 
tivities  at  DLR-Koln,  University  of  Stuttgart,  and 
the  University  of  Munich.  In  the  United  States  the 
NASA  Ames  Research  Center,  NASA  Langley  Re¬ 
search  Center,  NASA  Johnson  Space  Center,  AEDC, 
and  numerous  industrial  organizations  (most  all  in 
the  5-10  MW  class)  have  electric  arcs  in  operation. 
A  summary  of  existing  arc  heater  capabilities  in 
France,  Germany,  and  the  United  States  is  presented 
in  T^le  2. 
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France.  Three  active  electric  arc  facilities  exist 
and  are  operated  by  Aerospatiale  at  Establishment 
D’Aquitaine.  One  is  a  5  MW  Huels  type  operat¬ 
ing  at  pressures  to  14  atm.  A  second  facility  uses 
four  5  MW  Huels  heaters  operating  in  parallel  into 
a  common  manifold  to  60  atm  pressure.  The  third 
facility,  a  Huels  type,  operates  to  9  MW  and  130 
atm.  A  fourth  facility  using  the  segmented  design  is 
under  development  and  will  operate  to  20  MW  and 
up  to  10  atm  pressure.  All  of  these  facilities  are  used 
or  are  to  be  used  for  aerothermal  materials  testing. 
The  SCIROCCO  facility  in  Italy  will  have  a  70  MW 


segmented  heater  operating  to  16  atm  pressure  and 
is  abo  to  be  used  for  aerothermal  materials  testing. 

Germany.  DLR-Koln  has  an  arc  heated  srind 
tunnel,  designated  LBK.  This  facility  currently  is 
powered  to  one  megawatt  but  is  proposed  for  im¬ 
provement  to  5  MW  and  to  be  used  for  Hermes 
aerothermal  testing.  The  University  of  Stuttgart  is 
proposing  a  new  6  MW,  one  atmosphere  total  pres¬ 
sure  arc  facility,  designated  PWK-2,  for  materiab 
testing  and  also  has  a  goal  of  low  density,  rarefied 
flow,  aerodynamic  testing.  They  currently  have  a 
500  KW  arc  driven  facility  (PWK-1).  They  have 
considerable  long  term  experience  with  operation  of 
low  pressure  plasma  generators. 

United  States.  Government  owned  electric  arc 
heater  test  facilities  are  located  at  NASA  centers  and 
the  US  Air  Force’s  Arnold  Engineering  Development 
Center. 

1.  NASA  Ames  Research  Center.  Currently 
all  of  the  Ames  electric  arc  facilities  are  contained 
within  the  Arc-jet  Complex  which  has  nine  avail¬ 
able  test  bqrs.  The  Hueb  arc  heater  has  been  nsed 
to  drive  a  variety  of  nozzles  in  different  test  bays 
and  exbts  in  three  different  sizes:  a  5  MW  unit, 
a  20  MW  unit,  and  a  100  MW  unit.  Each  of  the 
units  b  available  with  various  downstream  electrode 
lengths  which  allow  the  operator  to  select  a  tube 
length  that  will  best  match  the  expected  “naturaT 
arc  length.  Current  designs  are  for  power  leveb  of 
100  MW  with  pressure  capabilities  to  100  atm  and 
above.  With  operational  capability  in  this  realm  the 
arc  heater  can  be  used  to  drive  large  hypersonic  noz¬ 
zles.  However,  consistent  operation  at  these  power 
leveb  and  pressures  have  not  yet  been  demonstrated 
for  the  Ames  100  MW  Huels  arc  heater.  The  Ames 
segmented  arc  heaters  are  used  to  drive  a  variety  of 
nozzles  (both  semi-elliptie  and  conical)  in  different 
test  bays  and  exist  in  two  sizes:  one  has  a  6  cm 
bore  constrictor  and  u  operated  up  to  20  MW  with 
air  as  the  test  gas;  the  other  has  an  8  cm  bore  con¬ 
strictor  and  operates  up  to  60  MW  also  with  air  as 
the  test  gas. '  Both  arc  heaters  use  the  same  basic 
electrode  package,  but  with  a  different  number  of 
active  electrode  rings  in  the  package  depending  on 
the  arc  colunui  current  required.  Another  configu¬ 
ration  exbts  which  operates  at  power  leveb  in  the 
100  MW  range  using  an  8  cm  bore  constrictor  with 
hydrogen/helium  mixtures  as  the  test  gas,  but  this 
arc  heater  utilizes  carbon  rod  downstream  electrodes 
rather  than  the  electrode  package  illustrated  in  Fig¬ 
ure  5.  In  addition  the  arc  column  passes  through 
the  nozzle  to  reach  the  carbon  rod  electrodes.  This 
configuration  was  selected  to  insure  the  maximum 
passible  energy  transfer  to  the  gas  and  the  attain¬ 
ment  of  extremely  high  enthalpy  levels  for  simulation 
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of  entry  into  the  atmosphere  of  the  giant  planets. 
The  arc-jet  complex  uses  a  variety  of  axisymmetric 
nozzles  in  the  facilities,  but  all  of  them  are  conical 
with  8  degree  half-angle  expansion.  No  axisymmet- 
ric  contoured  nozzles  are  in  use.  All  of  the  Ames 
electric  arc  facilities  are  pumped  by  a  large  5  stage 
stream  ejector  vacuum  system.  The  primary  Ames 
power  supply  can  operate  30  minutes  at  75  MW  and 
15  seconds  at  150  MW.  The  open  circuit  voltage  is 
33,000  volts  and  maximum  currents  is  16,000  amps. 
A  20  MW  power  supply  also  exists  which  has  an 
open  circuit  voltage  of  25,000  volts  and  maximum 
current  of  6,000  amps. 


Figuw  1.  Lingity  Scw|<  Td  Fllghl  StoulaUon  CapabBUw  (ReL2,) 


2.  NASA  Langley  Research  Center.  NASA 
Langley  has  three  electric  arc  facilities,  one  AC  and 
two  DC  arc  powered  facilities.  The  3-phase  AC,  5 
MW,  arc  facility  operates  at  low  pressure  (2.0)  atm 
with  enthalpy  leveb  to  3,500  BTU/lbm  and  is  used 
for  material  evaluation.  The  20  MW  Aerothermal 
Tbnnel  is  used  for  structural  and  material  evaluar 
tion.  It  uses  a  double  ended  Huels  type  arc  oper¬ 
ating  up  to  18.5  atm  chamber  pressure  and  5,500 
BTU/lbm  enthalpy.  The  20  MW  Arc  heated  Scram- 
jet  Test  Facility  operates  to  40  atm  chamber  pressure 
and  at  enthalpies  up  to  1500  BTU/Ib  (3500  BTU/lb 
at  5  atm).  This  facility  is  powered  by  two  10  MW 
DC  power  supplies.  Figure  6  shows  the  configura¬ 
tion  of  the  Langley  Arc-Heater  Scranyet  Test  Facil¬ 
ity  including  vacuum  sphere.  Figure  7  details  the  20 
MW  arc  heater.  Figure  8  compares  the  performance 
differences  between  the  combustion-heated  and  arc- 
heated  scraipjet  test  facilities.  Note  that  Mach  num¬ 
ber  8  is  a  simulation  limit  at  a  single  altitude  point. 


Rguia  6.  tsngisy  Are-Heated  Scramjel  Test  Facility  (Het.  2.) 


3.  Arnold  Engineering  Development  Center 
(AEDC).  The  AEDC  has  four  test  units  driven  by 
electric  arcs.  Three  of  these  units  are  driven  by 
Huels  arcs  and  one  by  a  segmented  arc.  One  cell, 
driven  by  a  5  MW  Huels  arc  with  a  7  MW  dc  power 
supply,  is  called  the  Dust  Erosion  Ilinnel  and  is  used 
to  simulate  dust  particle  impact  phenomena.  The 
AEDC  High  Temperature  Laboratory  contains  the 
other  three  test  units.  Two  of  these,  called  HEAT- 
HR  and  H2,  are  driven  by  a  50  MW  Huels  type  arc, 
capable  of  operating  at  pressure  leveb  to  100  atm 
with  average  bulk  enthalpy  ranging  from  2000  to 
5200  BTU/lbm.  Test  unit  HI  is  driven  by  a  30  MW 
segmented  arc  heater  capable  of  operating  at  pres¬ 
sure  levels  to  115  atm  and  average  bulk  enthalpy 
ran^ng  from  2000  to  8500  BUT/lbm.  These  three 
arcs  are  powered  by  a  60  MW  dc  power  supply  with 
an  open  circuit  voltage  of  50  kv  and  maximum  rated 
operating  current  of  3000  amps.  Both  the  HR  and 
HI  units  are  used  for  aerothermal  material  testing, 
primarily  re-entry  nose  tip  testing.  The  HI  test  unit 
also  has  dust  erosion  test  capability.  The  H2  unit 
b  a  new  hypersonic  arc  driven  wind  tunnel  which 
currently  b  driven  by  a  50  MW  Hueb  type  arc.  It  is 
anticipated  that  both  aerotherm^  materiab  testing 
and  aerodynannc  real  gas  phenomena  studies  will 
be  conducted  with  thb  facility.  Both  the  HR  and 
'  H 1  test  units  use  contoured  nozzles  with  a  varbty  of 
throat  sizes  and  exit  Mach  numbers  ranging  from  1.8 
to  3.5.  The  H2  facility  has  a  variety  of  conical  noz¬ 
zles  and  throat  sizes  which  provides  Mach  numbers 
ranpng  from  3.1  to  8.0 


Figure  7.  Are  Heelar  end  Plinum  Chimber  (fleL  9} 


The  price  which  is  paid  in  most  propubion  test 
facilitbs  for  heating  the  test  gas  to  enthalpies  repre¬ 
sentative  of  high  Right  Mach  numbers  is  some  sort  of 
flow  contamination.  Therefore,  the  actual  test  gas  is 
not  really  air.  In  the  case  of  combustion-heated 
flow,  the  contaminant  b  water  vapor.  Although  the 
oxygen  consumed  in  the  heater  combustion  process 
b  teplenbhed  to  the  proper  air  mass  fraction,  the 
mass  fraction  of  nitrogen  b  less  because  of  the  pres¬ 
ence  of  the  extraneous  water  vapor.  The  amount  of 
water  vapor  increases  dramatically  as  higher  flight 
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Mach  numbers  are  simulated.  (See  Figure  9.) 


In  Langley’s  Arc-Heated  Scramjet  Test  Facility, 
the  contaminant  which  is  generated  in  heating  the 
test  gas  is  NOx-  The  NOx  is  stable  as  it  flows 
through  the  facility  nozzle.  Its  concentration  has 
been  determined  from  gas  samples  over  a  range  of 
simulated  flight  Mach  numbers  and  arc  power.  (Fig¬ 
ure  10.)  At  present,  the  oxygen  lost  to  NOx  former 
tion  is  not  replenished  in  the  arc-heated  flow  and, 
thus,  a  deficiency  of  oxygen  exists.  The  existence 
of  these  contaminants  in  the  engine  and  component 
test  facilities  has  raised  questions  about  their  effect 
on  the  en^ne  combustion  process. 


Heating  gases  with  electric  arcs  is  one  of  the 
most  practical  techniques  for  use  in  high  enthalpy 
facilities.  This  is  the  only  viable  means  of  heat¬ 
ing  air  to  high  temperatures  in  excess  of  3000  deg 
K  for  test  durations  of  several  minutes.  Magne- 
tohydrodynamic  acceleration  has  potential  but  has 
had  very  little  development.  Hypersonic  testing  re¬ 
quirements  exceed  existing  capabilities  and  dictate 
an  aggressive  test  facilities  development  program. 
Critical  needs  for  propulsion,  materials,  structural, 
and  aerothermodynamic  testing  dictate  high  pres¬ 


sures  and  temperatures  not  attainable  by  conven¬ 
tional  means.  Propulsion  and  aerothermodynamic 
testing  establish  the  high  pressure  and  high  power 
requirements.  Aerothermal  testing  defines  the  high 
enthalpy  and  long  run  time  requirements.  (See  Fig¬ 
ure  11.) 


FIgura  11.  IVirieal  Perlormanoe  UniHs  For  FacDHIes 
Assumes  True  Simulation  ol  FUgM 

MBD  Augmented,  Arc-Heated  Facilities 

The  development  of  hypersonic  flij^it  vehicles 
has  been  handicapped  and  frustrated  by  a  continu¬ 
ing  long  term  lack  of  experimental  simulation  facili¬ 
ties.  This  national  shortage  of  hypersonic  test  ctq>a- 
bility  includes  the  range  of  test  facilities  from  small, 
basic  flow  physics  research  tunnels  to  large  envi¬ 
ronmental  simulation  facilities  for  testing  scaled  air¬ 
frame  and  prr^ulsion  systems.  The  recent  renewal  of 
national  interest  in  development  of  hypersonic  flight 
vehicles  for  both  military  and  civilian  application 
has  directed  attention  to  the  critical  simulation  lim¬ 
itations  of  test  facilities  in  this  flight  regime.  Facili¬ 
ties  based  on  heating  a  gas  to  stagnation  conditions 
in  a  reservoir  by  combustion  or  electrical  resistance 
techniques  auid  expansion  in  a  nozzle  to  hypersonic 
Mach  number,  aue  limited  to  true  temperature  sim¬ 
ulation  in  the  Mach  7.0  to  8.0  range.  Advances  in 
arc  heater  technology  hold  promise  for  air-breathing 
propulsion  ^ulation  to  Mach  12  and  higher  Mach 
numbers.  The  most  promising  technology  for  simu¬ 
lation  of  flight  Mach  numbers  in  the  10.0  to  25.0 
range  utilizes  maq;netohydrodynami'c  forces  to  ac¬ 
celerate  the  test  gas  to  the  required  stagnation  en¬ 
thalpies. 

The  MHD  accelerator  utilizes  the  Lorentz  force, 
J  xB  body  force,  to  increatse  gas  velocity  and  thus 
the  total  pressure  and  temperature.  Since  the  energy 
is  added  to  a  supersonic  flow,  the  operating  static 
pressures  and  temperatures  in  the  accelerator  are 
lower  than  the  corresponding  stagnation  conditions 
which  should  result  in  reduced  wall  heat  transfer  and 
test  gas  dissociation.  (Figure  12.) 
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Figure  12. 


Concept  tor  the  MHD  Air  Aoeeleralor,  With 


Studies  and  small  scale  experiments  at  AEDC 
in  the  1960’s  (Ref.  5)  demonstrated  the  feasibility 
of  MHD  acceleration  for  high  enthalpy  flow  simula¬ 
tion.  Although  the  United  States  did  not  pursue  this 
technology,  Russian  scientist  V.I.  Alfyorov  published 
results  from  an  MHD  accelerator  in  1978.  (Ref.  6.) 
(Alfyorov,  1992)  describes  an  arc-heated,  MHD  aug¬ 
mented  test  facility  for  aerodynamic  testing.  This 
facility  has  produced  velocities  of  7.5  km/s  in  a  flow 
cross  section  of  180  mm  X  180  mm  for  a  duration  of 
1.5  seconds. 


Simulation  requirements  include;  correct  free- 
stream  velocity,  density,  hypersonic  Mach  number, 
and  low  dissociation  level.  Mach  number  and  den¬ 
sity  can  be  traded  in  the  nossle  expansion,  thus  the 
total  enthalpy  and  entropy  are  the  better  simulation 
parameters  for  comparison.  The  MHD 
facility  can  be  expected  to  provide  correct  total  en¬ 
thalpy,  and  the  entropy  will  be  determined  by  the  re¬ 
quired  accderator  inlet  conductivity  and  accelerator 
ineflkiencies.  The  influence  of  accelerator  exit  en¬ 
tropy  on  Mach  number,  Prandtl  number,  Reynolds 
nuiiilMr  und  hypersonic  scaling  must  be  evaluated. 
The  MHD  augmented  facility  may  provide  signifi¬ 
cant  environmental  test  capability  without  complete 
duplication  of  free-stream  conditions. 


A  design  study  conducted  by  UTSI  and  sup¬ 
ported  by  AEDC  evaluated  the  technology  required 
to  build  a  large  scale  MHD  augmented,  arc-heated 
hypersonic  test  facflity.  (Ref.  7.)  The  baseline  fap 
cility  performance  was  evaluated  for  application  to 
hypersonic  propulsion  system  testing.  (Ref.  8.)  The 
key  results  from  this  investigatbn  are  presented  in 
the  following  sections. 

This  study  evaluates  MHD  accelerator  perfor¬ 
mance  on  the  total  enthalpy  vs  entropy  map  which 
also  contmns  three  hypersonic  flight  vehicle  simula¬ 
tion  conditions:  free  stream,  cowl  lip  and  combustor 
inlet.  Figure  13  shows  these  three  simulation  re¬ 
quirements  for  the  q  =  100015// /f*  flight  path.  The 
cowl  lip  envelope  and  combustor  inlet  envelope  on 
the  enthalpy /entropy  map  are  dependent  upon  ve¬ 
hicle  forebody  compression  and  inlet  external  com¬ 
pression.  Typical  values  of  NASP  type  inlet  losses 
were  used  to  estimate  these  envelopes. 


The  performance  of  the  MHD  accelerator  chan¬ 
nel  was  computed  by  a  series  of  codes  which  are  rou¬ 
tinely  used  by  the  UTSI  MHD  group.  The  primary 
code  ia  a  one-dimensional  accelerator  model  which 
accounts  f<»  wall  heat  flux,  wall  friction  and  vari¬ 
able  thermodynamic  properties.  The  code  provides 
a  solution  to  the  energy  equation,  the  nnmentum 
equation  and  the  continuity  equation  with  Ohm’s 
Law  used  to  express  the  electrical  terms.  A  chemi¬ 
cal  equilibrium  code  originated  by  NASA  is  used  to 
calculate  the  thermodynamic  properties  of  air  seeded 
with  either  potassium  or  cesium. 

Accelerator  Baseline  Design  and  Performance 

An  arc-heater,  gas  generator  was  selected  for 
the  baseline  channel  design  calculations  and  trade 
studies.  The  arc  heater  was  considered  for  the  base¬ 
line  design  due  to  the  existing  data  base  on  arc 
heater  performance  and  the  potential  for  growth  in 
arc  heater  performance.  For  the  baseline  definition 
of  arc  heater  performance  the  200  atm  point  on  the 
limit  line  HP^  =  40,000  was  selected  re¬ 

sulting  in  the  following  arc  heater  exit  conditions: 
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H  =  6MMJIKg  T  =  4751A'  P  =  200atm 
S=BJS6KJIKg-K 

The  arc  heater  is  connected  to  the  accelerator 
channel  by  a  convergent-divergent  nozzle  which  is 
designed  to  provide  a  supersonic  flow  with  uniform 
properties.  For  the  baseline  calculations  the  nozzle 
is  assumed  isentropic  and  provides  the  selected  ac¬ 
celerator  inlet  pressure  at  the  corresponding  Mach 
number.  A  primary  requirement  for  the  inlet  flow 
to  the  accelerator  is  that  the  gas  has  sufficient  con¬ 
ductivity  so  that  it  can  be  accelerated  to  overcome 
friction  effects,  avoid  deceleration  and  choking. 

The  baseline  simulation  design  point  was  se¬ 
lected  at  Mach  20  along  the  q  =  1000  psf  flight  en¬ 
velope  line.  A  design  mass  flow  of  22.10  Kg/sec  was 
selected  based  on  projected  requirements  for  a  sin¬ 
gle  hypersonic  propulsion  module.  A  baseline  mag¬ 
netic  field  strength  of  8  Tesla  was  considered  cur¬ 
rent  state-of-art.  Two  percent  potassium  seed  by 
weight  was  selected  as  the  baseline  seeding  condi¬ 
tion.  Electrode  current  density  was  constrained  to 
50  amps/cm^,  and  the  channel  cross-section  was  as¬ 
sumed  square  with  0.32  degrees  divergence  angle  on 
each  wall.  Twenty  atmospheres  static  inlet  pres¬ 
sure  was  selected  as  the  baseline  operating  pressure, 
which  yielded  an  inlet  Mach  number  of  2.161.  The 
one-  dimensional  MHD  math  model  was  run  in  the 
design  mode  to  determine  channel  length  required 
to  produce  the  design  point  total  enthalpy  of  22.65 
MJ/Kg.  The  resulting  baseline  channel  length  was 
3.59  meters  with  an  inlet  area  of  44.75  cm^  and  an 
exit  area  of  118  cm^.  The  resulting  baseline  chan¬ 
nel  operating  envelope  was  investigated  by  running 
the  math  model  at  various  electrode  current  density 
limits.  It  was  found  that  the  channel  would  simulate 
Mach  15  conditions  at  25  amps/cm^  and  Mach  25  at 
70  amps/cm^.  Figure  14  shows  the  three  accelerator 
simulation  results  on  the  enthalpy  vs  entropy  plot, 
and  Table  3  presents  the  baseline  channel  definition 
and  resulting  operating  conditions. 


Hguie  14. Tolil Enitalpy w BnbBpy.MHD Accilemec Putermanet  |iW.8.) 
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Two  conclusions  from  the  design  trade  study  are 
significant  to  hypersonic  propulsion  system  testing. 
Capability  of  a  single  accelerator  channel  geometry 
and  primary  magnet  to  provide  a  large  Mach  number 
umulation  range  (15-25)  by  varying  only  the  applied 
electrode  power  and  exit  nozzle  area,  offers  a  cost  ef¬ 
fective  test  facility.  In  addition  the  potassium  seed 
density  study  indicated  that  0.5  to  1.0  percent  potas¬ 
sium  was  adequate  for  most  accelerator  calculations 
made  during  the  study. 

Since  the  seed  is  a  contaminate  for  propulsion 
simulation,  minimum  seed  density  is  important.  Fig¬ 
ure  15  shows  the  results  of  the  potassium  seed  den¬ 
sity  trade  study  for  baseline  accelerator  case.  The 
entropy  increase  with  decreasing  seed  density  result 
from  reduced  conductivity. 


nBunlSLBMiCHaWIBiVMUionfciSsadFiraeaait,  (Rata) 
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Finite  Rate  Expansions 

The  non-equilibrium  nozzle  calculations  were 
accomplished  with  a  computer  code  derived  from  the 
LAPP  code  which  was  originally  written  to  calculate 
the  properties  of  rocket  exhaust  plumes.  In  addition, 
electromagnetic  terms  were  added  to  the  momentum 
and  energy  equation  so  that  the  effect  of  finite  rate 
chemical  reactions  could  be  evaluated  in  an  MHD 
channel.  A  typical  MHD  augmented,  direct  connect 
propulsion  system  test  facility  is  shown  in  Figure  16. 


liguralS.  Hyp<raa>ilcFlowElnMl>taFacUr.DtaetCdpnMl<ni‘-l> 


With  the  electromagnetic  terms  set  to  zero,  this 
program  is  used  to  calculate  the  gris  properties  dur¬ 
ing  the  expansion  through  the  nozzle  which  follows 
the  MHD  channel.  It  is  also  used  to  estimate  the 
departure  from  equilibrium  in  an  MHD  channel  by 
using  the  Jx  £  force,  the  ohmic  heating  and  the  area 
from  the  equilibrium  acceleration  code  calculation  of 
the  baseline  case. 


Hypersonic  Simulation  Results 

The  following  conclusions  summarize  the  results 
of  the  finite  rate  expansions  from  the  accelerator  de¬ 
sign  trade  studies.  All  expansions  were  calculated 
for  an  assumed  15-degree  half-angle  nozzle.  The 
data  was  presented  as  a  function  of  static  pressure 
instead  of  area  or  nozzle  length.  This  method  allows 
the  simulation  parameters  to  be  evaluated  over  the 
complete  simulation  range  from  combustor  inlet  to 
free  stream  pressures. 

s  Velocity  was  well  simulated  because  total 
enthalpy  was  correctly  simulated  and  the 
kinetic  energy  term  dominates  (Figure  17). 


IS  DEG  NAIF  ANGLE  KMUR 


Hgura  17.  Fbilta  Rata  Expansloii,  Velocity  vs.  Pressure  (Ref.  80 


•  Static  temperature  was  properly  simulated 
at  combustor  inlet  pressures,  but  ranged 
300  to  400°  K  too  hot  at  free  stream  condi¬ 
tions.  Finite  rate  effects  were  significant  in 
reducing  temperature  as  equilibrium  calcu¬ 
lations  increased  temperature  about  SOO^K 
over  finite  rate  calculations  (Figure  18). 


15  DES  HALF  ANGLE  WAS! 
VARUeiE  ACCELEMnON 


Hgme ia RbBo Bate  Expansion, Tempataliiie  VS. Piesane (Retaj 


s  Mach  number  simulation  was  influenced  by 
the  higher  static  temperatures  which  pro¬ 
duced  10-percent  low  values  at  the  combus¬ 
tor  inlet  and  SO  to  60-  percent  low  values  at 
free-stream  pressures.  In  hypersonic  flow 
exact  Mach  number  simulation  is  not  re¬ 
quired  as  long  as  the  simulated  Mach  num¬ 
ber  is  “High"  (Figure  19). 
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•  Density  followed  the  inverse  of  temperature 
with  good  simulation  at  combustor  inlet 
conditions  and  low  values  at  free  stream 
(Figure  20). 


15  DEG  HALF  ANGIE  KUn 
VARUBIE  ACCELERAnON 


Figure  20.  Base  Cases,  Hnite  Rate  Expansiansa  DensBy  (Ref.  8.) 

a  Reynold  number  simulation  was  again  good 
at  the  combustor  inlet  but  was  only  20- 
percent  of  the  desired  free  stream  value 
(Figure  21). 


U  DEG  HAIFAHSUWAIH 


FIgm  21.  Base  CeseiaFInne  Rale  Ejtpansloiis,  Reynolds  Number  (Ref.  8.) 


•  The  hypersonic  similarity  parameter  Mach 
number  squared  divided  by  the  square  root 
of  Reynolds  number  was  very  well  du¬ 
plicated  over  the  expansion  (Figure  22). 
Mach  number  divided  by  the  square  root 
of  Reynolds  number  was  well  simulated  at 
combustor  inlet  conditions  and  was  higher 
than  free  stream  values  by  50-percent. 


IS  OK  HALF  ANGLE  KAIR 


FIgim  22.  Bass  Cases,  Rnlle  Rats  Expansions,  M>/  (Ref.  8.) 

Direct  Connect  Propulsion  Testing  Conclusions 

The  air-breathing  hypersonic  propulsion  system 
is  integrated  into  the  air-frame  to  efficiently  utilize 
the  vehicle  external  compression  of  the  capture  air¬ 
flow.  Thus  at  the  cowl  lip,  the  start  of  internal  com¬ 
pression,  the  flow  has  been  compressed  by  oblique 
shock  waves  reducing  the  Mach  number  and  raising 
the  static  temperature  and  pressure. 

The  higher  entropies  and  lower  Mach  numbers 
down  stream  of  the  inlet  structure  are  easier  to  simu¬ 
late  than  the  free-stream  conditions.  The  only  simu¬ 
lation  properties  that  will  not  be  exactly  duplicated 
in  a  MHD  augmented  facility  ate  species  concentra¬ 
tion.  The  levels  of  atomic  oxygen,  oxides  of  nitro¬ 
gen,  and  potassium  seed  must  be  evaluated  for  possi¬ 
ble  impact  on  propulsion  testing.  The  study  results 
show  that  the  MHD  augmented  facility  will  provide 
a  good  flow  sinnulation  for  direct  connect  propulsion 
testing. 
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CHARACTERIZATION  OF  FLOW  FIELDS  IN  HYPERSONIC  GROUND  TEST  FACILITIES 


by 

ALBERT  H.  BOUDREAU 
Director  for  International  Affairs 
Arnold  Engineering  Development  Center 


ABSTRACT 

This  paper  describes  the  fundamental  differences 
between  nonequilibrium  encountered  in  flight  and 
nonequilibrium  phenomena  encountered  in  ground 
test  facilities.  It  then  focuses  on  facility-induced  non¬ 
equilibrium,  describing  the  gross  effects  on  bodies 
and  the  methods  now  available  to  characterize  such 
flows. 

It  shows  that  hypersonic  test  facilities  are  inher¬ 
ently  difficult  to  characterize.  In  the  past,  many  hy¬ 
personic  facilities  were  reputed  to  produce  test  data 
of  inferior  quality  when,  in  faa,  it  was  poor  char¬ 
acterization  of  the  flow-field  principally  at  fault. 
With  the  renaissance  in  hypersonics  at  hand,  experi¬ 
mentalists  face  new  challenges  in  characterizing  flow 
fields.  The  hypersonic  test  community  has  developed 
techniques  to  accurately  determine  free-stream 
conditions.  After  describing  these  “tools  of  char¬ 
acterization,"  the  paper  suggests  a  standard  by  which 
all  hypersonic  wind  tunnels  should  be  compared. 

NOMENCLATURE 
A  Nozzle  cross-section  area 

Ca  Axial-force  coefficient 

Cn  Normal-force  coefflcient 

Cp  Specific  heat  at  constant  pressure 

d*  Wind  tunnels  throat  diameter 

ey  Energy  of  molecular  vibration 

h  Enthalpy 

k  Constant 

t  Model  length 

M  Mach  number 

MF  Mole  fraction 

P  Pressure 

q  Heat  addition  term  [Eq.  (3)] 

R  Gas  constant 

Re  Reynolds  number 

r  Model  radius 


s  Model  surface  distance 

T  Temperature 

t  Time 

U  Velocity 

Xcppf  Axial  distance  to  center  of  pressure 
X  Axial  distance 

a  Angle  of  attack 

y  Ratio  of  specific  heats 

g  Density 

0  Circumferential  angle  on  model 

0  Shock  angle  on  model 

r  Vibration  relaxation  time 

Superscripts 

'  Conditions  behind  a  normal  shock 
*  Sonic  conditions  at  the  throat 
Subscripts 

1  Conditions  before  a  heat  addition  process 

2  Conditions  after  a  heat  addition  process 

b  Model  base 

^  Centerline 

DP  Dew  point 

fv  Frozen  vibration 

N  Nozzle  static 

n  Model  nose 

o  Reservior  conditions 

TR  Translation 

V  Vibrational 

w  Wall 

00  Free  stream 

Introduction 

Vehicles  traveling  at  hypersonic  speeds  in  the 
Earth’s  atmosphere  encounter  air  which  is  in 
chemical  and  thermal  equilibrium.  Air  crossing  the 
nearly  normal  shock  wave  at  the  vehicle’s  nose  will 
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change  to  a  new  thermal  and  chemical  state,  and  the 
subsequent  expansion  of  that  stagnation-region  gas 
around  the  body  may  or  not  be  in  equilibrium.  Dr. 
Smith's  lecture  1-16  indicated  the  flight  regimes  where 
natural  nonequilibrium  is  encountered. 


FLIGHT  01 BALUSTIC  RANGE 


Figure  2.  A  perfect-gas  expansion  of  air  to  hypersonic 
conditions. 


Figure  1 .  Nonequilibrium  in  flight  and  in  wind 
tunnels. 


In  this  lecture  we  will  examine 
another  form  of  nonequilibrium,  a  non¬ 
natural  nonequilibrium  created  in  the 
flow  field  of  a  hypersonic  ground  test 
facility  (See  Fig.  1).  This  form  of 
nonequilibrium  results  from  the  heating 
of  the  test  gas  and  the  subsequent  rapid 
expansion  of  that  gas  in  a  hypersonic 
nozzle.  Assuming  that  the  test  gas  was 
air  before  the  heating  and  expansion 
process,  the  flow  which  exits  the  nozzle 
may  be  a  mixture  of  oxygen  and 
nitrogen  molecules,  plus  a  percentage  of 
atomic  oxygen,  atmoic  nitrogen,  free 
electrons,  and  oxides  of  nitrogen  (NOx). 

These  species  are  likely  to  be  in  either  thermal  or 
chemical  nonequilibrium.  Hence,  the  test  body 
encounters  a  gas  already  in  nonequilibrium  to  some 
extent. 

One  can  see  from  Fig.  2  that  a  gas  such  as  air, 
when  undergoing  an  expansion  to  hypersonic  condi¬ 
tions,  experiences  a  rapid  decrease  in  static  tempera¬ 
ture  and  pressure  (hence  density).  For  example,  the 
decrease  in  static  pressure  is  four  orders  of  magni¬ 
tude  at  Mach  8.  Recalling  that  reaction  rates  and  the 
times  required  to  reach  thermal  equilibrium  are  a 
function  of  the  density  of  the  gas,  one  can  naturally 
expect  that  an  expansion  may  not  allow  sufficient 
time  for  the  gas  to  reach  equilibrium  as  the  expansion 
progresses. 


BESEIVaiR  nozzle 


Figure  3.  Equilibrium/non-equilibrium/frozen  flow. 


An  example  for  dissociated  oxygen  is  shown  in 
Fig.  3,  where  the  test  gas  containing  oxygen  is  initially 
contained  in  a  reservoir  at  high  temperature  and 
pressure.  In  this  case  the  temperature  is  above  2,400 
K  and  a  portion  of  the  oxygen  has  dissociated.  The 
rapid  expansion  after  the  throat  is  required  to  keep 
nozzle  lengths  within  practical  limits;  hence,  the 
expansion  typically  progresses  at  such  a  rapid  rate 
that  equilibrium  cannot  be  maintained  in  the  gas. 

If  the  expansion  is  so  rapid  that  the  reactions 
(which  bring  the  gas  to  equilibrium)  are  essentially 
stopped,  the  gas  is  said  to  be  in  a  “frozen”  state. 
If  the  reaction  continues  during  the  expansion,  but 
cannot  progress  rapidly  enough  to  reach  equilibrium, 
the  flow  is  said  to  be  in  “nonequilibrium.”  At 
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elevated  temperatures,  a  nonequilibrium  expansion 
from  a  wind  tunnel  reservoir  will  yield  substantially 
different  gas  chemistry  than  that  predicted  by  assum¬ 
ing  an  equilibrium  process  (as  shown  in  Fig.  4). 


Figure  4.  Nozzle  flow  species  distributions,  Tq  = 
8,000°K. 

One  of  the  most  troublesome  constituents  of  these 
high-temperature  processes  is  oxides  of  nitrogen  (NO, 
NO2),  commonly  referred  to  as  NOx-  Figure  S  shows 
that  nitric  oxide,  NO,  reaches  a  maximum  mole  frac¬ 
tion  between  4,S(X)  and  S,S(X)  K,  a  region  of  great 
practical  interest  for  hypersonic  wind  tunnels.  When 
this  gas  is  expanded  through  a  typical  nozzle,  the 
reaction  essentially  ceases  (frozen  case)  very  close  to 
the  throat,  as  shown  in  Fig.  6.  Hence,  the  experi¬ 
mentalist  can  expect  a  significant  mole  fraction  of 
NO  in  the  test  gas  exiting  the  nozzle. 

Since  the  reactions  which  govern  the  state  of  the 
gas  are  functions  of  pressure,  temperature,  and  time, 
every  expansion  will  differ,  being  dependent  upon  the 
initial  state  of  the  gas  and  the  particular  geometry 
of  the  nozzle.  One  should  expect,  however,  that  the 
test  gas  does  exhibit  some  degree  of  nonequilibrium 
as  it  exits  a  hypersonic  nozzle.  The  experimentalist 
is  therefore  required  to  understand  the  degree  of  non¬ 
equilibrium  and  estimate  its  effects  on  the  test  article. 


uipiumt.  1 

S.0011 


Figure  S.  Nitric  oxide  in  high  temperature  equilibrium 
air  [NO]  mole  fraction  versus  enthalpy  at 
constant  pressure. 


Figure  6.  Nitric  oxide  concentration  versus  Mach 
number,  equilibrium  and  kinetic 
calculations. 


As  shown  in  Fig.  7,  these  effects  will  vary  accord¬ 
ing  to  the  geometry  of  the  model  placed  in  the  test 
section  of  the  hypersonic  wind  tunnel.  In  this  case 
we  are  assuming  that  the  flow  exiting  the  nozzle 
exhibits  some  degree  of  nonequilibrium.  Let  us 
examiiK  the  potential  effects  on  four  model  shapes. 
Model  number  one  is  a  very  blunt  body  with  a  strong 
shock.  Here  the  gas  stagnates  and  time  is  sufficient 
for  the  gas  to  come  to  a  new  equilibrium  state,  hence 
there  is  a  definite  change  in  the  gas  chemistry. 

Case  number  two  considers  a  very  sharp  body 
were  the  shock  waves  are  relatively  weak.  Here  the 
transit  time  of  a  molecule  across  the  shock  wave  and 
the  temperature  behind  the  shock  are  not  sufficient 
to  change  the  state  of  the  gas,  so  the  gas  remains  in 
nonequilibrium,  i.e.  no  change.  Aerodynamics  are 
dicated  by  a  nonequilibrium  gas. 
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VAKIABUS;  P,  I,  I.  TIME 


Figure  7.  Effect  on  Models  due  to  wind  tunnel 
non-equilibrium. 

The  most  common,  and  most  difficult  case,  is 
example  number  three  where  a  portion  of  the  test  gas 
penetrates  a  weak  shock,  but  the  remainder  passes 
through  a  relatively  weak  shock.  Obviously  there  will 
be  a  change  only  in  the  gas  passing  through  the  strong 
shock.  The  effects  may  or  may  not  be  significant. 

Case  number  four  deals  with  a  non-equilibrium 
flow  over  a  separated  region.  Experiments  have 
shown  repeatedly  that  such  separation  regions  exhibit 
measurable  changes  between  equilibrium  and  non¬ 
equilibrium  flow. 

Throughout  these  discussions  one  point  is 
apparent:  “time”  in  the  form  of  reaction  rates,  must 
be  considered  as  well  as  the  normal  aerodynamic 
parameters  of  temperature,  pressure  and  geometry 
when  estimating  wind  tunnel  aerodynamics. 

Example  of  Characterization  Problems 

In  1976  experimentalists  working  with  AEDC’s 
hypersonic  wind  tunnels  discovered  that  the  arc- 
driven  hypersonic  Tunnel  F  was  operating  at  a  lower 
Mach  number  than  expected  based  on  isentropic 


calculations.  A  task  force  was  assembled  to 
investigate  errors  as  high  as  25  percent  in  free-stream 
Mach  number. 

Generally,  improper  characterization  of  hyper¬ 
sonic  tunnel  flow  fields  manifests  itself  as  an  error 
in  Mach  number.  Although  Tunnel  F  is  an  extreme 
case  because  of  its  arc  heater,  all  hypersonic  wind 
tunnels,  regardless  of  type,  appear  to  have  some 
Mach  number  characterization  problems.  For 
example,  AEDC’s  Tunnel  C,  heated  by  conventional 
clean-air  heaters,  exhibits  a  Mach  error  of  as  much 
as  1.5  percent  compared  to  that  predicted  by 
isentropic  flow  using  the  ratio  of  free-stream  pitot 
to  reservoir  pressure  (see  Fig.  8). 


Figure  8.  AEDC  Tunnel  C  Mach  number  adjustment. 

These  relatively  small  errors  in  Mach  number  can 
have  large  effects  on  the  test  article.  A.  Martelluoci 
of  Science  Applications  International  reported^  that 
a  2-percent  apparent  Mach  error  produced  a  20-per¬ 
cent  error  in  static  pressure  measured  on  a  model. 
Those  tests  were  performed  in  a  hypersonic  wind 
tunnel  at  Mach  10. 

The  message  distilled  from  these  experiences  is 
that  any  hypersonic  wind  tunnel  operating  at  or 
above  Mach  8  is  likely  to  have  flow-field  charac¬ 
terization  problems  because  of  nonisentropic 
phenomena. 
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Hypothesis  of  Nonisentropic  Processes  relaxation  rates.  The  subsequent  relaxation  (or  de¬ 

excitation)  hypothesis  was  tested  in  Tunnel  C  by 
The  mechanism  believed  responsible  for  the  measuring  the  vibration  temperature  with  various 
Tunnel  F  problem  (and  also  observed  in  Tunnel  C)  levels  of  water  vapor  using  a  Laser-Raman  scattering 
is  vibrational  excitation,  followed  by  vibrational  technique.  Mach  number  was  experimentally 
freezing  just  downstream  of  the  nozzle  throat,  and  determined  from  cone  measurements, 
subsequent  rapid  relaxation  in  the  downstream  sec¬ 
tion  of  the  nozzle.  The  de-excitation  phenomenon  is 
apparently  enhanced  by  the  presence  of  water  vapor. 

It  is  hypothesized  that  condensed  water  vapor  (and 
other  contaminants)  act  as  third  bodies.  Collision  of 
vibrationally  excited  air  molecules  with  these  third 
bodies  allows  de-excitation  to  take  place. 

The  reservoir  gas  of  most  hypersonic  wind  tunnels  DEW  POINT  INCREASING  -> 

is  excited  to  various  energetic  states,  as  shown  in  Fig.  a.  Effect  on  vibrational  temperature.  Tv 

9.  Note  that  the  vibrational  state  is  excited  beginning 

APPROXIMATE 

M. 


DEW  POINT  INCREASING  — 

b.  Effect  on  Mach  number.  Mg, 

Figure  10.  Effect  of  water  vapor  on  Ty  and  M*. 

Figure  10  indicates  the  strong  correlation  between 
water  vapor  (dew  point)  and  vibrational  temperature, 
and  the  subsequent  effects  on  measured  Mach 
TEST  SEniON  MACH  NUMBER  **  number.  Figure  1 1  illustrates  this  process  in  the  wind 

Figure  9.  Energetic  species  in  a  wind  tunnel  reservoir.  downstream  portion  of  the 

approximately  at  800*K,  which  means  that 
perfect-gas  wind  tunnels  can  experience  the 
phenomenon  when  test  section  Mach  numbers 
of  eight  or  more  are  produced.  Duplication 
facilities  (where  true  temperatures  are  produced 
in  the  test  section)  encounter  excitation  at  test 
section  Mach  numbers  above  three.  Generally, 
only  arc-heated  facilities  where  arc  electron 
temperatures  approach  14,(XX)®K  can  excite  the  T, 
higher  energy  states.  Once  free  of  the  arc 
column,  the  molecules  recombine  in  the  order  of 
10~^  secs.  The  higher  energy  states  thus  decay 
to  excited  vibrational  states  which  have  relatively 
long  relaxation  times,  so  a  significant  amount  of 
the  vibrational  energy  remains  excited  as  it  passes 
through  the  wind  tunnel  throat. 

The  vibrational  freezing  downstream  of  the  ^  _ 

throat  is  predictable  based  upon  available  Nj  Figure  li.  Hypothesis  fo  cause. 
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contoured  nozzle  approximates  a  constant  area  duct. 
When  a  mechanism  is  present  to  raise  the  static 
temperature  in  a  constant  area,  supersonic  flow  (for 
M  ^  8),  the  Tree-stream  static  pressure  also  rises 
significantly  with  APoo/Poo  =  AToc/Tob.  However, 
velocity  and  desnsity  (hence  pitot  pressre)  change  very 
little. 

This  may  be  shown  by  considering  a  heat  addition 
process  in  a  constant  area  duct  where  condition  “I” 
is  prior  to  the  addition  and  condition  "2”  is  after 
it.  The  governing  equations  are 


Therefore, 

^  ^  I  -H  7M1 

Poi  M?  1  I  +  yMl 


(10) 


A  typical  Mach  change  observed  in  Tunnel  F  was 
from  Ml  =  14  to  M2  =  12.5.  Solving  for  these 
values  (assuming  y  =  1.4),  P^/p;,  =  0.9991,  or  for 
M  >  I 


Po, 


1 


(11) 


eiUl  =  62(12  (1) 

Pi  -  P2  =  ezui  -  eiU?  (2) 


u?  U2 

CpT]  +  —z—  q  =  CpT2  +  —T~ 


(3) 


And  rearranging  Eq.  (2), 


e2U2  Pi  -  P2  Pi  -  P2 

^  ^  -I-  1  =  — - ^  -H  1  (4) 


eiUT 


eiUT 


P17MT 


since 


eiuf  =  p,7M? 


(5) 


Using  the  equations  of  state,  continuity,  and 
momentum, 


1  +  -yMt 


1  +  -yMi 


(6) 


and 


QlVl _ 1_ 

e,uf  yM? 


P2/P1 

yM^ 


+  1 


yM?  yMi^ 


1  -I-  yMI 


1  -I-  yM5 


+  1  (7) 


Simplifying, 


62(12  M2  [I  +  tM?) 


eU?  Mi^  [1  +  yMil 


(8) 


but 


eU^  =  k  p; 


(9) 


With  this  relative  insensitivity  of  pitot  pressure 
to  an  entropy  increase  in  the  free-stream  flow,  it  is 
obvious  that  measurement  of  pitot  pressure  alone 
cannot  resolve  even  large  changes  in  the  upstream 
static  temperature.  Consequently,  measurement  of 
the  ratio  P^Pp  does  not  readily  disclose  the  presence 
of  real-gas  effects  that  would  lower  Moo. 

Since  the  static  pressure,  shows  a  large 
change,  the  simultaneous  measurement  of  both  P. 
and  Pq  is  required  to  accurately  determine  free- 
stream  conditions.  The  prediction  of  Mach  number 
is,  therefore,  dependent  upon  precise  determination 
of  free-stream  static  pressure. 

The  vibrational  de-excitation  phenomenon  noted 
here  is  strongly  dependent  upon  both  the  species  and 
concentration  of  impurities  such  as  water  vapor. 
Hence,  it  is  extremely  important  to  reduce  these 
impurities  to  the  lowest  levels  possible.  Likewise,  the 
rate  of  expansion  is  important  in  establishing  the 
vibrational  temperature  at  which  that  mode  freezes. 
Contoured  nozzles  with  high  expansion  rates  are 
more  prone  to  vibrational  freezing  problems  than 
conical  nozzles  with  lower  expansion  rates. 

While  other  processes  could  be  present  to  produce 
nonisentropic  flow,  the  vibrational  relaxation  phe¬ 
nomenon  appears  to  be  widespread.  Regardless  of 
the  mechanism  producing  nonisentropic  expansions, 
it  is  extremely  important  to  experimentally  determine 
free-stream  pressure  and  Mach  number  to  accurately 
characterize  the  flow. 

Theoretical  Analysis 

The  theoretical  analysis  utilized  in  the  present 
work  quantifies  the  effects  of  nonisentropic 
(vibration)  processes  on  a  hypersonic  nozzle 
expansion.  Its  objectives  are  to: 
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1 .  Apply  the  relations  for  a  one-dimensional  flow 
of  an  imperfect  diatomic  gas  as  develolped  by 
Eggers.^ 

2.  Perform  an  equilibrium  vibration  (isentropic) 
calculation. 


3.  Perform  a  sudden-freezing  calculation  in  which 
the  vibrational  energy  is  instantaneously  frozen  at  a 
specified  point  in  the  expansion  downstream  of  the 
throat  and  continue  the  calculation  with  the  vibration 
energy  frozen  at  this  value. 

4.  Assume  that  the  frozen  vibrational  energy  is 
instantaneously  and  totally  released  (i.e.,  local  vibra¬ 
tional  "melting”  occurs)  at  a  specified  downstream 
Mach  number  in  the  expansion.  Further  assume  that 
this  vibrational  melting  occurs  at  constant  area 
(consistent  with  the  local  Mach  number  speciHcation 
above). 


It  is  important  to  observe  that  this  local  vibrational 
"melting”  approach  is  effectively  a  constant-area 
heat-addition  process  under  supersonic  conditions, 
which  is  well-known  from  classical  gasdynamics  to 
result  in  the  following: 

Local  Flow  Property  Effect 

Mach  Number  (M)  Decrease 

Static  Pressure  (Po)  Increase 

Static  Temperature  (Too)  Increase 


Typical  calculated  results  from  the  analysis 
defined  above  are  presented  below  for  the  case  of  a 
nitrogen  gas  expansion  through  a  hypersonic  nozzle 
to  specified  Mach  numbers  in  the  range  from  8  to 
16  (with  corresponding  A/ A*  area  ratios  from  2(X) 
to  S.OfX))  assuming  a  nozzle  reservoir  (stagnation) 
temperature  of  l,10O°K,  Figures  12a-g  present 
solutions  assuming  that  the  vibrational  energy  is 
frozen  at  a  local  Mach  number  of  1.60  which  cor¬ 
responds  to  an  local  area  ratio  of  1 .447.  This  freezing 
condition  results  in  one  percent  of  the  reservior 
(stagnation)  enthalpy  being  frozen  in  vibrational 
enthalpy  i.e.,  hfy/ho  =  0.01).  As  can  be  seen  from 
Figs.  12a-f,  the  influence  of  local  instantaneous 
vibrational  melting  on  the  local  flow  is 


Local  Flow  Property 
Mach  Number  (M) 

Static  Temperature  (Too) 
Static  Pressure  (Pn) 
Static  Density  (goo) 
Velocity  (V*) 

Dynamic  Pressure  (qoo) 


Effect 

Decrease 

Increase 

Increase 

InsigniHcant 

Insignificant 

Insignificant 


Since  P^qn  =  constant  in  hypersonic  flow,  the 
effect  on  Po  is  also  insignificant. 


c.  Static  pressure 

Figure  12.  Effect  of  frozen  vibration  and  melted 
vibration  on  flow  properties  (nitrogen 
gas  nozzle  expansion). 


Figure  12g  shows  quite  clearly  the  strong  influ¬ 
ence  of  the  vibrational  state  on  specific  heat  ratio 
(1.365  for  frozen  vibration  and  1.40  for  both 
equilibrium  and  melted  vibration).  The  results 
presented  above  are  consistent  with  the  findings  of 
Erickson^  for  the  limiting  cases  of  nitrogen  flow 
through  hypersonic  nozzles  with  equilibrium  and 
frozen  vibration. 
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f.  Dynamic  pressure 
Figure  12.  Continued. 


To  better  understand  the  influence  of  upstream 
vibrational  freezing  energy  level  on  the  resulting 
downstream  flow  and  associated  vibrational  melting. 


g.  Speciflc  heat  ratio 
Figure  12.  Concluded. 


calculations  are  presented  in  Figs.  13a-e  for  the 
following  three  freezing  conditions: 


Local  Flow  Property 
M 

A/A* 

hfy/ho 

Tfy/To 


Value  at  Freezing  Point 
1.94S  1.600  1.115 
1.641  1.447  1.129 
0.005  0.010  0.020 
0.S9S  0.689  0.813 


Also  shown  on  thesefigures  for  sake  of  reference 
is  the  line  of  perfect  agreement  whereby  the  frozen 
and  melted  vibration  values  are  identical.  As  ex¬ 
pected,  the  larger  the  amount  of  frozen  vibrational 
energy,  the  larger  the  resulting  of  effect  of  vibrational 
melting  on  Mach  number,  static  pressure,  and  static 
temperature.  There  is  almost  no  effect  on  static 
density  and  only  a  very  small  effect  on  velocity. 


a.  Mach  number 

Figure  13.  Effect  of  frozen  vibration  energy  level  on 
melted  vibration  flow  properties  (nitrogen 
gas  nozzle  expansion). 
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b.  Static  temperature 


c.  Static  pressure 


d.  Static  density 
Figure  13.  Continued. 


It  is  of  interest  to  review  the  influence  of  water 
vapor  on  vibrational  relaxation  phenomena  based 
upon  existing  knowledge  relative  to  gasdynamic  laser 
applications.  It  is  well  known  in  carbon  dioxide- 
nitrogen-water  vapor  gasdynamic  laser  theory^  that 
nitrogen  has  the  longest  relaxation  time  of  any 
diatomic  molecule  and  that  water  vapor  is  used  to 


e.  Velocity 

Figure  13.  Concluded. 

speed  up  the  slow  mode  equilibration,  thus  increasing 
the  population  inversion  necessary  for  succesful  laser 
operation.  Presented  in  Fig.  14  are  the  vibrational 
relaxation  times  for  nitrogen-water  vapor  molecules 
as  taken  from  Appendix  B  of  Anderson Also 
shown  on  this  figure  is  the  curve  fit  for  pure  nitrogen 
expansion  in  supersonic  nozzles  as  recommended  by 
Hall  and  Treanor.^  Water  vapor  reduces  the 
vibrational  relaxation  times  by  between  two  to  three 
orders  of  magnitude  in  the  temperature  range  from 
1,100  to  670  K.  Figure  IS  presents  the  vibrational 
relaxation  times  for  nitrogen-water  vapor  mixtures 
based  upon  the  molecule  vibrational  relaxation  times 
of  Fig.  14  and  the  “parallel  resistance’’  mixture  rule 
given  by  Eq.  (4.13)  in  Anderson.^  Small  water  vapor 
content  in  the  mixture  (on  the  order  of  I-percent  mole 
fraction)  has  a  strong  effect  on  mixture  vibrational 
relaxation  times,  especially  at  the  lower  temperature. 
It  is  not  known  how  this  information  (for  tempera¬ 
tures  in  the  range  from  670  to  1,IOO'’K  where  vibra¬ 
tional  freezing  occurs)  relates  to  downstream 


Figure  14.  Molecular-molecule  vibrational  relaxation 
times  (nitrogen  gas  nozzle  expansion). 
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influence  of  water  vapor  on  nitrogen  gas  nozzle 
ezpansion  at  hypersonic  Mach  numbers  (where  the 
static  temperature  is  on  the  order  of  28  to  83°K  when 
vibrational  melting  occurs).  However,  it  suggests  the 
possibility  that  the  presence  of  water  vapor  strongly 
influences  the  vibrational  melting  process  through 
enhancement  of  the  vibrational  equilibration  process. 


VIBIUrtONAl  TEMPERATURE. 

Figure  IS.  Influence  of  water  vapor  content  on 


mixture  vibrational  relation  times 
(nitrogen  gas  nozzle  expansion). 


Example  Experiments 


The  AEDC  Tunnel  F  investigation  serves  as  an 
excellent  example  of  flow-field  characterization 
because  of  its  depth  of  analysis  and  the  wide  variety 
of  experimental  techniques  employed.  In  this  section 
that  investigation  will  be  discussed  as  a  practical 
example  of  the  tools  available  for  flow-fieid  analysis. 


It  is  important  to  note  that  the  Tunnel  F  flow  field 
has  been  characterized  in  the  conventional  style  pre¬ 
vious  to  the  investigation  described  here.  In  fact, 
Tunnel  F  had  operated  for  15  years  prior- to  these 
experiments.  In  addition  to  the  standard  pitot  and 
heat-transfer  surveys,  sharp-cone  models  were  used 
to  demonstrate  the  validity  of  the  calibrations. 
Figures  16  and  17  present  some  of  those  results  which 
clearly  leave  the  impression  that  no  problems  existed. 


Sharp  cones,  however,  are  similar  to  pitot 
pressure  measurements  because  they  are  relatively 
insensitive  to  entropy  changes  in  the  free  stream. 
Hence,  the  experimentalist  obtains  a  false  sense  of 
well  being. 


tit 


Figure  16.  Peripheral  pressure  measurements  on  a 
10-deg  sharp  cone  (contoured  nozzle)  in 
Tunnel  F. 


C« 


- THEORY  3  experiment 
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Figure  17.  Mach  16  contoured  nozzle  force  results- 
7-deg  half-angle  sharp  cone. 


Blunted,  low-angle  cones  are  aerodynamic 
configurations  exhibiting  extreme  sensitivity  to  Mach 
number.  Therefore,  an  T„/Tb  =  0.168,  5-deg  half¬ 
angle  cone  was  chosen  for  testing  in  Tunnel  F.  As 
noted  in  Fig.  18,  the  model  was  heavily  instrumented 
with  surface  pressures  and  featured  three  nose  pitot 
measurements  for  redundancy. 


To  interpret  blunt-cone  results,  one  must  obtain 
high-quality  predictions  of  surface  pressure  including 
the  viscous-induced  contribution.  Figure  19  presents 
some  solutions  using  the  reliable  Lubard  Hypersonic 
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Figure  18.  S-deg  cone  pressure  model. 


A 


Figure  19.  Blunt  5-deg  cone  solutions  using  the 
Lubbard  HVSL  Code. 


Viscous  Shock  Layer  (HVSL)  Code.  Experimental 
5-deg  cone  measurements  are  compared  to  three  of 
these  solutions  in  Fig.  20.  Note  that  the  viscous 
contribution  is  relatively  small  at  these  Reynolds 
numbers.  Hence  the  high  sensitivity  of  wall  pressure 
to  Mach  number  makes  this  the  best  method  of 
experimentally  determining  free-stream  Mach 
number.  In  addition,  surface  pressures  are  relatively 
insensitive  to  changes  in  the  ratio  of  specific  heats, 
7.  Gamma  varies  from  1.4  at  equilibrium  to  I.36S 
for  the  hy/ho  =  0.01  frozen  case,  and  the  calculated 
change  in  surface  pressure  is  1 .3  percent  (well  within 
the  measurement  accuracy  of  the  instrumentation). 
Since  the  relaxation  (or  "melting”)  process  drives  7 
back  to  a  value  near  1 .4,  the  error  in  surface  pressure 


would  be  significantly  below  1.3 
percent,  and  hence  unmeasureable. 

The  high-quality  cone  results  (Fig. 
20)  permitted  a  mapping  of  the  Mach 
errors  present  in  Tunnel  F.  Figure  21 
compares  Mach  numbers  derived 
from  the  cone  measurements  with 
those  calculated  from  pitot  pressure 
measurements  assuming  isentropic 
relationships.  Note  that  the  amount 
of  water  vapor  in  the  reservoir  clearly 
influences  the  Mach  error,  lending 
credence  to  the  relaxation  hypothesis 
raised  in  the  previous  section. 
Likewise,  the  use  of  a  4-deg  half¬ 
angle  conical  nozzle  with  lower 
expansion  rate  also  indicates  less 
Mach  error. 

The  rise  in  free-stream  temperature  affects 
Reynolds  number  as  well  as  Mkch  number.  Hence, 
the  standard  Mach-Reynolds  number  map  of  wind 
tunnel  performance  will  show  a  marked  decrease  in 
simulation  capabilities  as  indicated  in  Fig.  22.  The 
degradation  is  more  severe  at  higher  Mach  numbers 
where  the  reservoir  gas  must  be  heated  higher  to 
prevent  liquefaction.  The  higher  reservoir 
temperatures  are  hypothesized  to  put  more  energy 
into  the  vibrational  mode;  hence,  more  energy  is 
available  for  the  relaxation  process. 

Of  course,  one  cannot  run  a  large  S-deg  cone  in 
the  test  section  when  other  experiments  are 
underway.  Hence,  the  experimentalists  at  Tunnel  F 
developed  a  conelation  between  measured  nozzle 
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Figure  20.  S-deg  blunt  cone  wall  pressure 
measurements. 
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Figure  22.  Tunnel  F  Mach-Reynolds  number  map. 

static  pressures  (PN)  and  Mach  number  determined 
from  the  blunt  S-deg  cone.  That  correlation  is 
illustrated  graphically  in  Fig.  23.  With  a  family  of 
such  correlations  for  each  nozzle  and  throat,  free- 
stream  conditions  could  be  accurately  determined. 
This  method  was  extremely  successful,  and  Tunnel 
F  subsequently  produced  data  with  accuracies 


M.  (ISENTROPIC  CAICULATNMI 

Figure  21.  Comparison  of  mach  numbers  for 
Tunnel  F. 


comparable  to  those  obtained  in  AEDC’s  oomin- 
uous  wind  tunnels,  i.e.,  ±  S-percent  uncertainty. 


8  9  10  II  12  13 


M.  FROM  NOZZLE  STATIC  (M.ln 
(M.)  (  o  (M.h  -I- 1.74  o  >/0.77616ffa/Pi  1.74 

Figure  23.  Mach  number  correclation  for 
Tunnel  F. 

Other  Experimental  Methods 

Wedges  have  been  used  often  to  check  Mach 
number  experimentally.  While  they  may  produce 
useful  results,  they  are  clearly  inferior  in  sensitivity 
compared  to  a  low-angle,  blunted  cone.  Figure  24 
compares  the  percentage  change  in  measured  pressure 
ratios  between  a  wedge  and  the  3-deg  cone  used  in 
the  Tunnel  F  experiments.  Not  only  is  the  blunted 
cone  a  factor  of  two  more  sensitive,  but  it  eliminates 
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Figure  24.  Comparison  of  a  low-angle  wedge  and  a  5-deg  cone  for  determination  of  Mach  number. 


many  practical  problems  encountered  with  the  wedge 
such  as  viscous  sensitivity,  alignment  sensitivity, 
outflow  problems,  and  probe  interference  problems. 
These  can  be  critical  consderations  in  hypersonic 
facilities  since  times  are  relatively  short;  hence, 
instrumentation  accuracies  are  often  inferior  to  those 
realized  in  continuous  wind  tunnels.  In  short,  the 
factor  of  two  increase  in  sensitivity  may  be  required 
simply  to  make  the  measurements  meaningful. 

Free-stream  velocity  measurements  were  made  in 
the  course  of  the  Tunnel  F  experiments.  Figure  25 
illustrates  smear  photography  of  free-stream  density 
fluctuations  as  viewed  through  a  narrow  slit  on  the 
tunnel  window.  This  extremely  simple,  yet  highly 


Figure  25.  Enlargement  of  a  16-mm  film  segment 
used  to  determine  free-stream  velocity  in 
Tunnel  F. 


accurate  technique  essentially  produces  a  distance 
versus  time  plot  on  the  film  from  which  velocity  is 
easily  calculated.  These  measurements  are  compared 
with  calculated  velocity  in  Fig.  26.  Note  the  excellent 
agreement.  This  agreement  further  reinforces  the 
conclusion  previously  drawn:  velocity  and  density  are 
insensitive  to  a  heat-addition  process  in  the  free- 
stream.  The  hypothesized  relaxation  of  vibrational 
energy  will  be  observed  primarily  as  an  increase  in 
free-stream  temperature  and  pressure,  not  a  change 
in  velocity. 


Figure  26.  Tunnel  F  velocity  measurements  at 
M.  «  12.5  (run  5604). 

This  can  be  shown  by  considering  the  equation 
of  state  written  as 

P  -  CRT  or  c  -  (12) 
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But  for  the  heat-addition  process  in  a  constant-area 
duct  previously  discussed,  Eq.  (6)  yeilds 


P2 

Pi 


1  +  7M? 
1  -I-  7M2 


>  1.25 


(13) 


for  the  case  Mi  =  14  and  M2  =  12.5. 
Likewise, 


Jl 

Ti 


1  +  7Mt 


12 


1  +  7M2 


=  >  1.25  (14) 


Hence, 


02^  ^  P,/RT, 

ei  P2/RT2 


Pl 

P2 


(15) 


and  considering  the  conservation  of  mass  [Eq.  (1)], 


Ui  =  U2  (16) 


Vibrational  temperature  of  the  free-stream  flow 
was  measured  using  the  Laser-Raman  method  in  both 
AEDC’s  Tunnels  C  and  F.  The  Tunnel  C  results  are 
more  complete  and  hence  are  presented  here  in  Fig. 
27.  They  clearly  show  the  sensitivity  of  vibrational 
temperature  to  water  vapor  content  of  the  free 
stream.  Note  that  the  measured  Mach  number  closely 
follows  the  trend  in  vibrational  temperature  decay. 
The  Tunnel  F  results  were  consistent  with  the  Tunnel 
C  measurements. 


In  Tunnel  F  the  free-stream  flow  contained,  in 
addition  to  water  vapor,  vaporized  copper  and  tung¬ 
sten  from  the  arc  chamber.  These  impurities 
undoubtedly  further  exacerbate  the  situation.  In 
general,  one  should  expect  nonisentropic  processes 
to  be  enhanced  in  proportion  to  the  amount  of 
contamination  present  in  the  free  stream.  As  reservoir 
temperatures  increase  to  satisfy  the  requirements  for 
hypersonic  simulation,  clean,  unadulterated  flow  will 
be  increasingly  more  difficult  to  produce.  Since 
perfectly  clean  flow  is  impossible  to  achieve  in  most 
hypersonic  facilities,  steps  must  be  taken  to  account 
for  the  inevitable  nonisentropic  processes.  Local  test 
section  measurements  must  be  used  to  characterize 
free-stream  test  conditions. 

Conclusions 

1 .  Most  hypersonic  wind  tunnels  operating  at  or 
above  Mach  8  appear  to  suffer  a  loss  of  free-stream 
Mach  number  because  of  nonisentropic  processes 
occurring  in  the  expansion  nozzles. 

2.  It  is  hypothesized  that  the  principal  nonisen¬ 
tropic  process  consists  of  a  rapid,  nonequilibrium, 
vibrational  relaxation  which  raises  free-stream 
temperature  and  pressure.  This  relaxation  phenom¬ 
enon  is  associated  with  impurities  such  as  water  vapor 
in  the  free-stream  flow  which  act  as  third  bodies. 

3.  Theoretical  calculations  support  this  hypothesis 
and  suggest  that  as  little  as  1  percent  of  the  reservoir 
enthalpy  need  be  frozen  and  subsequently  released 
to  produce  the  effects  observed. 


4.  Conventional  methods  of  determining  free- 
stream  Mach  number  (i.e.,  pitot  pressure  measure¬ 
ments)  are  insensitive  to  such  nonisentropic  processes 
and  hence  are  poor  indicators  of  true  Mach  number. 
Blunt,  low-angle  cones,  on  the  other  hand,  have  been 
shown  to  be  excellent  indicators  of  free-stream  Mach 
number. 

Recommendation 

The  hypersonic  wind  tunnel  testing  community 
should  adopt  a  standard  Mach-sensitive  model,  such 
as  a  blunted  5-deg  cone,  by  which  all  operating  and 
newly  calibrated  hypersonic  facilities  can  be 
compared. 
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